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FOREWORD 


pted by the Institute since early in the year 1932. Most of the 
ers have to do with the electrical method. Most of them are presenta- 
tions of physical data and interpretations. Most of them bear on the 
< We of prospecting in the mining rather than the petroleum industry. 
The volume contains no papers on the gravimetric methods. 
=i In the present state of their development, the geophysical methods 
Ki _ begin to stand revealed as delicate geologic tools for securing structural 
information not as readily procurable by other means. Notable excep- 
5 c tions to this generalization are the use of electrical methods in the direct 
- loeation of sulfide orebodies at shallow depths, the use of magnetic 
E methods in iron prospecting, the use of electrical coring in oil prospecting 
and, perhaps, various direct but minor uses for the electrical methods in 
engineering problems such as the location of bedrock at dam sites, the 
_ location of water tables, etc. 

In the mining industries, at the present time, only the electrical and 
magnetic methods are in substantial use, the chief efforts being structural 
investigations for gold prospecting and the search for quartz veins in 
_ gold-bearing districts. 

In the petroleum industry, geophysical prospecting has increased 
to a new peak. Structural investigations by the seismic method 
(reflection) are being conducted in Venezuela, Mexico and Canada and in 
— California, Colorado, Wyoming, Montana, New Mexico, Texas, Okla- 
a homa, Louisiana, Arkansas, Mississippi, Florida, New York and Pennsyl- 
- yvania. As many as one hundred reflection crews are known to be working 
4 at the present time, Texas being the chief center of activity. Gravimetric 
surveying, chiefly by the torsion balance method and to some extent by 
1 the pendulum method, continues at an unabated rate. Magnetic 
surveys are used slightly and electrical surveys very little or not at 
all. One notable advance has been the demonstration of usefulness and 
general acceptance of electrical coring both in field development and 
wildcat drilling on the Gulf Coast. 

A notable series of geophysical papers of high quality having to do 
with oil prospecting has been published during the current year in volume 
5 
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one of the Proceedings of the World Petroleum Congress, which was held 
in London in 1933. 

The chairman takes this opportunity to present his thanks to the 
members of his committee and in particular to its vice chairman, 
Mr. Sherwin F. Kelly, without whose work the present volume would 
not have been possible. 

E. DEeGouyer, Chairman, 
Committee on Geophysical 
Methods of Prospecting. 
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Recalts of Earth-resistivity Survey on Various Geologic 
Structures in Illinois* 


By M. Kine Housssrt,t New York, N. Y. 


(New York Meeting, February, 1932) 


During the past summer the writer was asked by the Illinois State 
_ Geological Survey to make a study of some of its economic geological 
_ problems with regard to the applicability of geophysical methods of 
prospecting to their solution. The following four problems were sug- 
gested for investigation: (1) the fluorspar area of Southern Illinois, 
(2) oil structures in the south central part of the state, (3) the lead and 
_ zine-bearing area of northwestern Illinois, and (4) the water supply and . 
_ gravel deposits of the glacial drift. The prime requirements were to 
find a means of obtaining a maximum of useful information with a fairly 
- modest outlay of expenditure for technical staff and equipment. 

The method of procedure adopted was that of making a preliminary 
study of each of the problems named by means of available office 
data and published reports with supplementary field reconnaissance 

__where necessary. 
PRELIMINARY STUDIES 


Fluorspar.—The fluorspar deposits of southern Illinois as shown by 
_ Weller,! Bastin? and others are of two main types: (1) vein deposits along 
q _ steeply dipping normal fault planes, and (2) “‘blanket”’ deposits occurring 
__ practically horizontally along a certain sedimentary horizon. The vein 
q deposits are composed mostly of calcite and fluorspar in sheetlike veins of 
4 thicknesses, where mined, ranging from about 2 to 12 ft. The surround- 
__ ing topography is in a mature state of development with a relief of about 
3 100 ft. or more. 
Any geophysical prospecting for this ore would have to depend either 
upon the physical properties of the ore and associated minerals or upon 
the properties of the geologic structure containing them. Fluorspar has a 
density of 3.18, which is somewhat greater than 2.7, that of calcite. Its 


* Published with permission of M. M. Leighton, Chief, Illinois State Geological 


Survey. 

“Rate Fiat in Geophysics, Columbia University; Associate Geologist, Illinois 
State Geological Survey. 

1§. Weller: The Geology of Hardin County, Illinois State Geol. Survey Bull. 
41 (1920). 

2B. S. Bastin: The Fluorspar Deposits of Hardin and Pope Counties, Illinois. 
Illinois State Geol. Survey Bull. 58 (1931). 
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specific electrical resistivity is of the order obthat of caleite : 
limestone. Its magnetic permeability is about that of ¢ 
less magnetic sedimentary rocks and hence negligible. : 

The only physical property that might be used for the direct 
of fluorspar is that of density. The deposits, however, are so smal] 
is extremely doubtful that they would ever be detected by gravitatio: 
means and differentiated from the local topographic disturbances. _ 

Detection of associated structures, on the other hand, seemed - ne) 
offer more promise. Since the vein deposits occur as mineralization 7 
along fault planes, the location of unknown faults would afford a step 
toward the location of deposits of fluorspar. For this purpose either eart. 
resistivity or seismic means might be applicable. Because of its greate: 
simplicity and less expensiveness trial by the former wasrecommended. —_— 

Oil Structures—The petroleum of Illinois is obtained mostly from 
anticlinal structures in the southern half of the state. This area is 
covered with glacial drift so that there are few outcrops of bedrock. . 
* The structural details of a very large part of this area are little known, — 
though it seems probable that there may be many hidden oil-bearing 
structures underneath this drift cover. The question of whether such 
structures, if they did exist, could be discovered by geophysical measure- 
ments of the surface was asked. 

Field work for two seasons with an Askania magnetometer had 
previously been done in Illinois in an attempt to correlate magnetic 
anomalies with structures of oil-bearing type, and it was found that no 
consistent correlation could be established. " 

One of the oil companies that had done torsion balance work in the | 
area provided the information that the largest known oil structure there 
gave a barely perceptible gravitational anomaly. Again, earth resis- 
tivity and seismic methods seemed the most likely, so it was decided to 
try the former first. 

Lead and Zinc.—The preliminary study of this problem made. it 
seem improbable that there are many major deposits remaining in the 
known productive area, so further investigation of it has been postponed, 
at least for the present. 

Water Supply and Gravel Deposits.—A large part of the state is under- 
lain by a coal basin which is covered with glacial drift. The deep water is 
contaminated by the coal, so that water supply for domestic uses has to be 
obtained largely from glacial drift. While it is true that below the water 
table the glacial drift is saturated with water at all places, the availability 
of this water depends upon the rate at which it can be withdrawn. This, 
in turn, is a direct function of the size of the particles of the water-bearing 
material. A shale or clay, for instance, may be saturated with water 
and have as high as 30 to 40 per cent water and still yield, for all practical 
purposes, a dry well. Any large sand and gravel deposit below the water 
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a tab on the other hand, not only affords a reservoir of water but usually 
_has large enough particles to allow sufficient flowage into a well when a 
_ pressure differential is produced by pumping the well. The problem of 


water supply, therefore, resolved itself into that of finding gravel deposits 


‘ifotmation that gravel eae were doiitdonty found along buried 
river. channels. 

_ This information afforded two possible methods of attack, (1) that of 
finding gravel directly, and (2) that of finding buried river channels 
in the bedrock. For each of these, earth resistivity seemed the most 
Es likely means of investigation. 


APPARATUS AND FIELD TECHNIQUE 


The apparatus used was the Megger Ground Tester, manufactured by 
_ Evershed and Vignoles, London, England. The essential elements of 
_ this instrument are a hand-cranked direct-current generator, a double 
commutator system and anohmmeter. There are four outside electrodes, 
two current electrodes C; and C., and two potential electrodes P; and Py». 
If leads are run from the electric terminals C; and C2, to two parts of any 
conductor and the generator crank turned, an alternating current is 
sent through the conductor. This current alternates at 50 cycles and 
the potential difference set up on open circuit is 50 volts. If two other 
leads are run from the potential terminals P; and P2, and are connected 
to different parts of the same conducting body to which the current 
leads are attached, an alternating potential difference F will be led off. 

The double commutator system is so arranged that the direct current 


- 


generated is led through the current coil of the ohmmeter and is then 
4% alternated by one-half of the commutator. A part of this is picked up by 
___ the potential electrodes, taken through the other half of the commutator 
3 where it is rectified, and then passes through the potential coil of the 


ohmmeter as direct current. As a result, the ohmmeter reads directly 
in ohms the result 
R= p 

where F is the resistance in ohms of the block between the two equipoten- 
tial surfaces through the points of attachment of the two potential 
electrodes, E the potential difference between these points and J the 
total current flowing through the conductor. 

The instrument thus lends itself to the determination of the specific 
resistivity of a semi-infinite homogeneously conducting medium by the 
method worked out by Wenner.* Wenner showed that if on the surface 
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3. Wenner: A Method of Measuring Earth Resistivity. U.S. Bur. Stds. Bull. 
258 (1916). 
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is the specific resistivity of the Re these? E the dere diff 
the two inner electrodes, and I the current between the ti 
trodes. Gish and Rooney* developed the technique of resis 
pecting for inhomogeneous media by considering p of Wenner’s form 
be merely the apparent specific resistivity and wae the value of ps 


The point midway between the two potential electrodes is he 
taken as the position of the station. 

In actual field technique there are only three independent variables: 
(1) the position of the station, (2) the electrode separation a, and (3) the 
azimuth a of the line of the electrodes. “os 

The apparent specific resistivity p is measured as an empirical function 
of any or all of these variables. If p is measured as a function of position 
of station while both a and a are kept constant, the resulting curve _ 
indicates the approximate position of the bodies having marked differ- _ 
ences in conductivity. If at any particular station there is approximate - 7 
horizontal homogeneity of resistivity, a curve of p measured as a function : 
of electrode separation a gives variations due to a change of resistivity 
with depth. + 

The determination of p as a function of the azimuth a while keeping * 
the position and the electrode separation a constant will indicate both the 
presence of major horizontal inhomogeneities and to a great extent the 
orientation of the body exhibiting it. ty 

The essential problem of prospecting by this method is to determine ~ 
by means of combinations of the above mentioned function of three 
variables the horizontal position, depth, and, as nearly as possible, nature 
of bodies near the earth’s surface differing markedly with respect to 
specific resistivity from that of their surroundings. / 

In field practice the author has accordingly differentiated the follow- 
ing techniques: 

1. A traverse profile is a series of observations taken along a line of 
traverse while both a and a are kept constant. 

2. A longitudinal traverse profile is a traverse profile wherein the line of 
electrodes is parallel to the line of traverse. 

3. A transverse traverse profile is a traverse profile taken with the line of 
electrodes perpendicular to the line of traverse. 


‘0. H. Gish and W. J. Rooney: Measurement of Resistivity of Large Masses of : 
Undisturbed Earth. Terr. Mag. and Atm. Elec. (1925) 30, 161-188. 
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EARTH-RESISTIVITY FIELD STUDIES 


Fault Investigation 


Fig. 1 shows a longitudinal traverse profile across a known fault. The 


E fault is a normal steeply dipping one of which the vertical component 
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Fig. 1.—LoNGITUDINAL TRAVERSE PROFILE ACROSS A NORMAL FAULT. 


of movement is about 1200 ft. To the west of the fault plane the surface 


formation is a limestone; to the east, a sandy shale. -The outcrop of the 
fault plane itself is visible in the road cut along the line of traverse. The 
traverse was taken with the electrode separation a equal to 100 ft. and 
with stations spaced 100 ft. apart. 

The essential characteristics of the anomaly obtained are that when 
the fault plane was located between one of the potential electrodes and 
one of the current electrodes the apparent resistivity p is relatively lower 
than the surrounding normal values. When the fault plane is between 
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p phiaieds in the curve 
-» It was suspected that thes p 
fault gouge and water along the fault plane wh 
ductor than the rocks on either side. To check this, the | 
was rotated until essentially parallel to the fault trace. The 
obtained was lower than any of the other three: and suggested 
ductivity parallel to the fault plane. ¥ S| 
As a further check, the experimental ores shown Fig. 2 was t 
In this a piece of sheet metal was immersed in water as shown and stat 
were taken 6 in. apart with a au to 6in. The same a of vi 
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Fig.’ 2.— EXPERIMENTAL TRAVERSE’ PROFILE ACROSS A PIECE OF SHEET METAL 
IMMERSED IN WATER 
Note resemblance of anomaly produced by sheet metal to that produced by the 
fault, in Fig. 1. 


obtained with respect to the sheet metal as had previously been obtained 
with respect to the fault plane. These results apparently do not accord — 
with those reported by Low, Kelly and Creagmile.* In the experiments 
recorded by these authors a distinct drop was observed in the resistivity 
profiles when a conductive body was interposed between the potential 
electrodes. It should be noted, however, that the conductive body in 
their experiments occupied a considerable portion of the volume between 
those electrodes, whereas in the present case the conductive sheet was 
extremely thin. In a personal communication, Theodor Zuschlag stated 


5 B. Low, S. F. Kelly and W. B. Creagmile: Applying the Megger Ground Tester 
in Electrical Exploration. Trans. A. I. M. E. (1932) 97, 114. 


ced a eth in end seatativity curve, aor became less ersiacines 
the sheet was made progressively thinner, and finally passed over 
i into a peak. A theoretical explanation of these phenomena would be © 
- extremely interesting. 
A circular profile also was taken, having its center above the sheet 
metal. This gave the very interesting result shown in Fig. 3. It will be 
~ noted that one axis of symmetry of the resulting curve is parallel to the 
disturbing body while the other is perpendicular to it. 


ee. oe ” 

¥ Fig. 3.—Crrcuar ‘‘PROFILE” OVER THE SHEET METAL SHOWN IN Fig. 2 

ee Note relation between axes of symmetry of resistivity figure and direction of strike 
of metal sheet. 


These two cases indicate that not only is it possible to locate at least 

some faults by this method but that it is also possible by a proper com- 
bination of the two variables, azimuth and position, to determine its 
strike as well. 
4 Fig. 4 is another geologic section and two resistance profiles. The 
stations, as before, are 100 ft. apart and the electrode interval a equal to 
100 ft. The solid line curve was obtained by a longitudinal traverse 
profile; the broken line curve from a transverse profile. 

From west to east the visible geology along the line of traverse con- 
sists of the limestone outcrops, the fault separating limestone from 
sandstone, another limestone outcrop and finally sandstone with a much 
shattered zone in the hilltop near the eastern end of the profile. The two 
intermediate faults bordering the central limestone member were not 
seen, though from outcrop pattern alone their existence would be inferred. 


16 EARTH-RESISTIVITY SURVEYING IN ILLINOIS 


The earth-resistivity profile follows the known geology faithfully. 
High resistivity corresponds to the limestone with an abrupt drop upon 
crossing a fault into the sandstone area. The sandstone shattered zone to 
the east produced a small W in the curve. 
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Because of thick underbrush, only a few transverse stations were 
taken. The curve so obtained is in all essentials similar to the first, 
though apparently slightly more nearly rectangular. 


Monoclinal Strata 
rofile was run perpendicular to the strike and over the truncated 
s of a series of monoclinal strata dipping about 10° to 12°. There 
re two main parts to the profile; the first is from Devonian lime- 
‘ across the hard, black, slatelike Chattanooga shale and then 

r a chert, the second is across an alternating series of sandstone and 
ly limestones. . ‘ 
The geologic section and corresponding profiles are shown in Fig. 5. 
a is 100 ft. and the stations are 100 ft. apart. It is interesting to note 


om 
that to the Chattanooga shale outcrop there corresponds an extremely 
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Fig. 5.—TRAVERSE PROFILE ACROSS TRUNCATED EDGES OF MONOCLINAL STRATA, 


high value for p. There was some doubt as to the validity of this, so 
Ss another profile was taken across this part of the section with a short 
a offset along the strike. Similar results were obtained. Across the 
-__ alternating sandstones and shaly limestones the profile shows a crest for 
the sandstone outcrop and a trough for the shaly limestone. The last 
crest is due to a hard, crystalline limestone. 

This profile was taken in dry weather over a very hard and 
sun-baked ground, consequently a number of the ground contacts 
were very poor. No correction for this was applied in the computa- 
tions, so that the minor variations in the curve are probably due to 


this cause. 
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Fic. 6.—Mapr AND PROFILES IN GLACIAL DRIFT-COVERED ARBA, _ 
Contour lines represent bedrock surface under glacial drift. Anomalies in curves : 
are interpreted to be dueftofgravel deposits in glacial drift. . 


area is essentially flat, so it was decided to use this area as a check in an : 
attempt to determine depth to bedrock and thereby locate the trough BS 
shown on the map. 
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Accordingly a series of depth stations at half-mile intervals along the 


_ line AA’ were taken and also along the line BB’ and the other few stations 

not included in these lines. The bedrock in this area is Pennsylvanian 
_ shale and the depth curves showed only very slight decline in p as a 
function of a, for a considerably greater than the depth to bedrock. This 


indicated that the shale was only slightly better as a conductor than the 


drift, so that no reliable results on depth to bedrock were obtained. 


A totally unexpected feature was observed in connection with stations 


9and 11. Whereas all the other stations showed values for p ranging 


around 4000 to 6000 ohms per cu. cm., these two stations gave values 
between 20,000 and 30,000 ohms per cu. cm. Depth determinations in 
these two cases indicated that the highly resistant material was encoun- 
tered at very shallow depths and is confined to the glacial drift. From 
station 9 a traverse profile was run westward using a equal to 100 ft. and 
stations 100 ft. apart. The value of p rapidly declined and within one- 
quarter mile quite normal glacial drift values were obtained. 

For both stations 9 and 11 there was a very slight topographical 
elevation above the station, showing normal values. Stations 12, 13 and 
14 were all normal. } 

The profiles in Fig. 6 are made from the values of p for a equal to 100 
feet. 

The electrical results give the information that within ordinary 
glacial till there exists a body of some material of relatively very high 
resistivity, which occurs only locally and is rather sharply bounded. 

The problem is: What geologically possible bodies fulfill the above 
conditions and of these which is the most probable? From a knowledge 
of the geology of glacial deposits, the most likely deposit fulfilling such 
conditions seems to be gravel. If the anomaly is due to a gravel deposit 
the data suggest a linear deposit of gravel sharply bounded on the 
northwest and extending parallel to the axis of the subsurface trough. 

Fig. 7 shows another subsurface map of a trough in the bedrock which 
is buried underneath glacial drift. This map, which was made by G. H. 
Cady, is based on coal test holes and well logs. 

In this case a series of depth ‘‘ profiles” with a taken at 20-ft. intervals 
from 20 to 300 ft. were taken in an east-west line at stations one-half mile 
apart. The profiles shown in Fig. 7 are made from the values of a equal to 
100, a equal to 200, and a equal to 300 ft. The bedrock in this case is 
again highly conductive Pennsylvanian shale. The profile obtained 
shows two significant features. In all cases station 13 shows an abnor- 
mally high value of apparent specific resistivity and this value is highest 
for a equal to 100 ft. and declines for greater values of a. This can only 
indicate that there is a shallow, highly resistant body underlain by a 
relatively better conductor. Hence, as the electrodes are spread more 
widely apart, a greater proportion of the current cross-section falls within 
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Anomaly at station 13 is interpreted as due to shallow gravel deposit. Those at 
stations 8 and 9 supposedly are due to a more deep-seated deposit. 
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Fic. 8.—Map, CROSS-SECTIONS AND RESISTIVITY PROFILES ACROSS A GRAVEL QUARRY. 
Broken line representing boundary between gravel and till is in agreement with 
both test-pit and earth-resistivity data. 


The second significant feature shown by the profiles occurs at stations 
8 and 9. For a equal to 100 ft., it will be noted that with exception of 
station 13 the profile is essentially flat. For a equal to 200 ft. a peak is 
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beginning to be noticeable at stations 8 and 9. For a equal to 300 ft. 
the peak at these two stations has become very pronounced. This tells 
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Fia. 9.—Map, CROSS-SECTION AND PROFILE OVER BURIED WATER-FILLED GRAVEL 
DEPOSIT. 


Note increase in apparent specific resistivity with increase in thickness of 
gravel deposit. 


that there is a local resistant body that is deep enough to be imperceptible 


for small values of a but that is well within the region of influence for a 
equal to 200 ft. and more. 
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_ The hypothesis of gravel deposits as the most probable causes of these 


anomalies still seemed reasonable, so as a check upon the hypothesis a 
__ known gravel deposit was sought. The quarry used is shown in Fig. 8. 
_ Here gravel was being quarried from a 60-ft. wall of a delta deposit. . 


Test pits of the quarry company showed that the deposit ended in the 
vicinity of the broken line in the diagram. A well to bedrock 700 ft. 


north of A’ shows no gravel. 


Two traverse profiles were taken, using a equal to 100 ft. and stations 
100 ft. apart. The results are plotted in the upper part of the figure. 
In both profiles values of p ranging from 10,000 to over 30,000 ohms per 
cu. cm. are obtained over -the gravel, while over the glacial till which 
contained no gravel normal values about 5000 ohms per cu. cm. are 


obtained. The points of separation between these high values and the 


normal values coincide almost exactly with the gravel boundary as 
determined by test holes. 

The upper 60 ft. of gravel in the quarry was drained of water, and it 
was desired to have a test on a gravel bed known to be water-bearing. 
Such a bed is shown in Fig. 9. Here well records show about 8 ft. of 
gravel at a depth of 60 ft. over a large area. This gravel thickens 
downward rather abruptly to the southward. The profile shown is that 
of a longitudinal traverse having stations 100 ft. apart and a equal to 
100 ft. The profile shows a uniformly low resistivity over the thin gravel 
and a high value over the thick part of the gravel. 

Sherwin F’. Kelly, in a personal communication to the author, reports 
mistaking a deeply buried gravel deposit for bedrock in a dam-site 
investigation, because of the high resistivity of the former. 


Buried Anticlines 


In order to ascertain whether anticlines covered by glacial drift might 
be located by this method, the profile shown in Fig. 10 was taken. The 
geological cross-section was constructed from an unpublished subsurface 
map by A. H. Bell, of the Illinois State Geological Survey. The structure 
is an anticline with its central outcrop of massive Devonian limestone 
flanked on both sides by younger Mississippian and Pennsylvanian shales 
and sandstones. Over this is spread a very flat cover of glacial drift 
which, according to available well records, is of the order of 60 ft. thick 
over the limestone and 120 ft. over the shales and sandstones. 

The electrical profile, which is about five miles long, was made, 
using a equal to 200 ft. and with stations 200 ft. apart. The profile was 
run in ignorance of the exact location of the anticlinal axis. The corre- 
sponding geologic cross-section was made from totally independent well 
record data. The exact coincidence between the peak of the curve and 
the limestone outcrop band is remarkable. While this constitutes only 
a first preliminary test in problems of this sort, it seems probable that 


beneath the glacial itachi aan mee aie? me 
Depth to Bedrock Determinations a « ber 

As was mentioned above, various attempts were made to 
the thickness above bedrock of the mantle of glacial drift. ' 
of measurement was that of taking depth profiles whereby 
station p was determined as a function of a for values of a taken u 
at increasing intervals of 20 ft. from 20 to 300 ft. It was found that fo 
stations having Pennsylvanian shale as bedrock the value of p usual; 
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Fia. 10.—TRAVERSE PROFILE ACROSS BURIED ANTICLINE, TAKEN WITH ELECTRODE 
SPACING @ EQUAL TO 200 FT. CAUSES OF SMALLER VARIATIONS ARE UNKNOWN. 


< 
went through a maximum and then declined somewhat for the greater 
values of a. This indicated that the shale was a slightly better conductor 
than the drift. For the few stations taken above limestone, p increased 
almost linearly with a. % 

Nothing revealed by a direct study of the depth curves could be 
correlated with the depth to bedrock as determined from well logs. What . a 
seems to be a more likely method for this purpose is that given by Tagg® a 
which is based upon an earlier theoretical study by E. Lancaster-Jones.7 
The essence of Tagg’s method is as follows: 


*G. F. Tagg: The Earth-Resistivity Method of Geophysical Prospecting. Min. 
Mag. (1930). 

7K. Lancaster-Jones: The Earth-Resistivity Method of Electrical Prospecting. sa 
Min. Mag. (1930). : 
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=, uniformly conducting strat of different 
sistivities and separated by a plane horizontal interface. 
t pa be the observed apparent specific resistivity, 


_ pi Specific resistivity of the upper stratum, 
pe Specific resistivity of the lower stratum; 
h thickness of the upper stratum; 
a the electrode spacing; 


= aues 

Done ahign 
af pi 

1+— 

p2 


If a is taken small compared with h, the value of p, so obtained is very 
nearly equal to that of p:. It is possible, therefore, by this method to 
determine directly pi. Hence, of the quantities enumerated above Bas 
_ py-and a are directly determinable while p2 and hf are the unknowns sought. 
__k, being a function of p; and po, is not a primary unknown. 
____ Suppose such an arrangement as that described above wherein a and 
__ k are constant and h is allowed to vary. Then suppose that the ratio 
_ pa/pi is measured and plotted in a graph as a function of h. The curve so 
_ obtained will vary between the limits p2/p: for h = 0 and p/p, for very 
large values of h. If a similar curve is obtained for different values of k 
_ between its limits of +1 and —1, a whole family of p./pi, h and k curves 
_ will be obtained for each value of a. 
Suppose that such families of curves have been obtained for two or 
more values of a. Now for each of these values of a one can obtain 


TaBLE 1.—Field Data for Determinations of Table 2 


ZZ Station 1 Station 2 | Station 3 Station 4 

. yee F Ohms Ft. | Ohnu Ft. | Ohms 
f ; a, Ft. eas a, Ft. ue a, Ft. nang a, Ft. hae 

as | 

s 20 3,906 20 3,100 10 2,300 20 2,600 
_ 30 4,481 40 4,200 20 3,000 40 4,100 
-_ 40 5,362 60 5,200 30 3,400 | 60 4,300 
er 50 6,128 80 6,100 40 3,900 80 5,200 
4 oe" 60 6,664 100 6,900 50 4,100 100 - 5,500 
7g 70 7,507 120 7,500 60 4,200 120 5,000 
Ee : 80 8,120 140 8,000 70 4,300 140 4,600 
; 90 8,790 160 8,900 80 4,300 160 4,300 
5 100 9,384 180 9,500 90 4,500 180 4,500 
a 120 10,801 200 10,000 100 4,400 200 3,800 
a 180 13,788 220 10,500 120 4,100 220 3,800 
; 240 11,500 140 4,300 240 3,700 
- 260 12,000 160 4,300 260 3,200 
: 280 12,600 180 4,100 280 3,200 


300 13,200 200 3,800 300 2,900 


_ 
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experimentally the corresponding value of pe al 
supplied to the corresponding family of curves, iia of k as a fur 
tion of h can be read off directly and plotted as a separate graph. | 
operation is repeated for each of the two or more values of a for. 
curves have been constructed, the resulting h-k graphs must when plo 
together intersect at a point whose coordinates are the values of ha d 
k sought. 

Tagg has computed the families of curves for the values of a equal to 
50, 100 and 150 ft. with all values of k at intervals of 0.1. 

Tagg’s method was applied to two stations having a limestone bed- 
rock and to two having shale bedrock. In each case the depth to bedrock — : 
was obtained from near-by well logs. Tables 1 and 2 give the observa- _ 
tional field data upon which the determinations are based. The lime- 
stone stations 1 and 2 (Fig. 11)* give very good intersections of the three 
curves but the errors of the results obtained for h as compared with the 
well-log depths are respectively 50 and 54 per cent. The shale stations 3 
and 4 gave much more erratic results. For No. 3 the curves do not 
intersect at all and for No. 4 the triangle of error is large. The estimated 
error of station 4 is about 70 per cent. 


TABLE 2.—Determinations According to Tagg’s Method 


Stations Bedrock | rete: te PL cee ak ee | Percentage of Error 
1 Limestone 60 30 50 
2 Limestone 100 . 46 54 
3 Shale 90 
4 Shale | 160 50 | 70415 = * 


Assuming that the computed families of curves are correct, there is 
no question that the method otherwise is theoretically sound. The ~ 
discrepancies seem therefore to be due to the fact that the geological 
cases used are not close enough approximations to the conditions assumed. 
in the theory. It is hoped that additional field work may yet produce 
results that will show a more satisfactory agreement. 
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Performance of Instrument 


The Megger Ground Tester used in these investigations is light, com- 
pact, durable, and very simple and convenient to operate. Its chief 


limitations are its scale ranges. The scale reads R = . directly in ohms 
and there are four ranges 0 to 3, 0 to 30, 0 to 300 and 0 to 3000 ohms. 
In Paleozoic sediments, values of apparent specific resistivity rarely 


fell outside the ranges of 5000 to 50,000 ohms per cu. cm. In glacial till, 


§ The writer is indebted to Mr. A. N. Labounsky for computing these curves and 
for the drafting of all of the illustrations used in this paper. 
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Fie. 11—CuRvVES FOR DETERMINATION OF DEPTH TO BEDROCK OF LIMESTONE BY 
a TaG@’s METHOD. 
- Point of intersection of curves gives computed values of h and k. 


It is evident that this rigorously limits the maximum electrode separa- 
tion a that can be used on any particular problem. It is extremely unsafe 
to use the instrument for readings less than the first scale division. 
Therefore if we take the mean apparent specific resistivity of glacial 
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drift to be 5000 ohms per cu. cm. the electrode spacing a for a reading of 
one scale division, or 0.1 ohm, will be 
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Fig. 12.—Taae’s METHOD FOR SHALE STATIONS. 


For Paleozoic sediments taking p equal to 25,000 ohms per cu. em. 
and F equal to 0.1 ohm, 


25,000 
Ava = aap = Osco] = 398 m. or 1310 ft. 


"DISCUSSION — 


‘ al work done in Illinois a maximum value of a Seite to 
found to be about the practicable limit for most of the work. 

resent, if greater ranges are desired it is practically necessary to 
! plement this instrument with some form of cab Rooney, apparatus. 


SUMMARY AND CONCLUSION 


_ Three types of problems were investigated by the earth-resistivity 
method of Wenner and that of Gish and Rooney; namely, (1) faults in 
F aleozoic sediments, (2) gravel deposits and ground-water supply in 
glacial drift, and (3) anticlines buried beneath glacial drift. 

It was found that faults could be discovered especially if the outcrops 
on the opposite sides were different, or if there were a considerable shear 
zone associated with the fault plane. Some minor faults shown on the 
a aetti map that had the same formation outcropping on both sides 
were not detected. _ 

It wasfound that major gravel deposits having fairly sharp boundaries, © 
even if full of water and buried under considerable till cover, could be 
- detected readily because of their relatively higher specific resistivity. It 
was found also that the one buried anticline tested gave a pronounced 
anomaly which coincided with the anticlinal axis as independently 
_ determined from well-log data. Attempts at precise depth deter- 
minations have not as yet been successful. 

It seems, therefore, that for problems of this nature this method of 
-_ investigation has, in spite of its limitations, fairly demonstrated itself to be 
_ @ highly useful and economical means of at least doing reconnaissance 

work and is capable of supplanting a great deal of more expensive means 

of investigation. 
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DISCUSSION 
(Donald H. McLaughlin presiding) 


J. H. Swartz,* Washington, D. C.—Referring to your experiment with the thin 
conductive sheet in the tank of water, did you measure the resistivity of the water 
with no metallic conductor in it? 


& M. K. Hussert.—No. 
J. H. Swartz.—We performed some experiments of much the same character, and 
Ee measured the water resistivity. We discovered that the resistivity of the water was 
q the same as the peak obtained when the sheet was between the potential electrodes. 
In other words, the sheet of metal, being very thin and occupying exactly the position 
j of the median equipotential surface, does not disturb the distribution of current. 
z We also used the Lee partitioning method, and found the two halves of the field 
q decidedly asymmetrical when the plate was not in the center. If the sheet is not at 


the midpoint between the two potential electrodes, the Wenner calculations are not 
applicable because the sheet distorts the field. 


*U.S8. Bureau of Mines. 
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Memsper.—I am surprised at the peaks of resistivity being obtained in the field 
over water-bearing gravel. 


’ J. Hi Swarrz.—That is undoubtedly due to the purity of the water in the gravel. 


E. G. LEONARDON,* Paris, France.—It is quite normal. We have found that 
water-bearing gravel has a high resistance as a rule. 


T. Zuscutac,t New York, N. Y.—I have carried out a number of experiments 
with different thicknesses of conductive and resistant vertical sheets, placing them 
between the potential electrodes. With a thick sheet, there is a pronounced sag in 
the curve, which gradually becomes less as the thickness is decreased. After a certain 
point, the sag passes through a flat stage, to turn intoa peak. Substituting a resistant 
sheet for the conductive one, the peak continues to rise in height as the thickness of 
the sheet is increased. 


H. N. Jounson, t Los Angeles, Calif—I am not a geophysicist, but as a geologist I 
- have had some experience in attempting to interpret geophysical data. Mr. Hubbert’s 
Figs. 1 and 2 introduce a subject which 
has not, I believe, received the attention 
it deserves; that is, the effects of small 
inhomogeneities near the surface along 
the line of an electrical traverse. These 
figures show that the presence of a nar- 
row vertical conductor between either 
current electrode and the adjoining 
potential electrode lowers the value of 
p, and when between the potential elec- 
trodes it increases the value of p. 

Identical results would have been 
obtained had the vertical conductor 
been replaced by a similar insulator, as 
the accompanying profiles (Fig. 13) 
over such an insulator clearly show. 
In either case, the curves for the indi- 
vidual stations showing the values of p 
plotted against the corresponding a 
spreads would be misleading if inter- 
preted as indicating the relative resis- 
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‘ 2x10 Insulator tivity of the volume beneath the station 
—_1_____slank bottom __ location to depths corresponding to the 
Fie. 138. lengths of a. I have suspected that 


some of the published curves with 

humps and depressions, which have been thus interpreted, belong in reality to this 
class. 

Vertical bodies are not the only ones that cause erratic anomalies. A small 

horizontal insulator beneath and between a current electrode and the adjoining 

potential electrode raises the value of p above normal, and when located between the 


potential electrodes lowers the value of p. A small horizontal conductor has the 
same effect, though to a lesser degree. 


* Société de Prospection Electrique. 
+ Research Engineer. 
t Geologist. 
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_ We have a complicated problem when attempting to make geological interpreta- 
_ tions of resistivity data which not only represent variations of resistivity with depth 

but which are influenced also by the shape, size, and the relative location of finite 
es near our traverse lines. 
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_ _W. B. Creaemin,* Philadelphia, Pa. (written discussion).—Results reported by 
__ Low, Kelly and Creagmile, as referred to by Mr. Hubbert (footnote 5) were obtained 

with conducting and nonconducting sheets placed horizontally under water at various 
_ depths, and with the electrodes at various spacings. Where a conducting body was 

_ placed between the two potential electrodes, it was of considerable thickness and 
___volume, and so gave a lowered value of p as expected. 
__-Mr. Hubbert’s tests to determine depth to bedrock are of particular interest. 
Tf a (spacing in feet of the electrodes) and p (ohms per centimeter cube) as given in 
‘Table 1 are plotted in the form of curves, we see that the curves for stations 1 and 2 
are of one general form; and the curves for stations 3 and 4 are of a different general 
ee form. For stations 1 and 2, the data show that as a is increased. there is a decided 

_ change in p, always in the same direction. This is also true (if surface effects are 
neglected) for the tests reported by Tagg.’ In one of Tagg’s tests p decreases as a is 
increased; in his other test and in Hubbert’s tests at stations 1 and 2, p increases as a 
is increased. However, the change is very definite in all four cases. When results 
are worked out by Tagg’s method for these four tests, curves plotted between k and h 
meet in an approximately common point. Why the calculated depths to bedrock in 
Hubbert’s tests at stations 1 and 2 do not agree closely with the known depths, I 
cannot say, but believe it may have to do with the value of p; selected for the 
upper stratum. : 
_ For stations 2 and 3, the data show that as a is increased p first increases and then 
decreases, although the change is slight. Under this condition the value to be chosen 
for p: is very indefinite. It seems to me the form of the curves may indicate the 
presence of more than two strata, or a considerable lack of uniformity electrically in 
one or both strata if only two are present. Lither effect might account for the curves 
between k and h plotted according to Tagg, failing to meet near a common point. 

Tagg’s method of calculation seems sound. I agree with Mr. Hubbert that what 
we need is additional field work and experience in selecting the correct value for 
surface resistivity p:1. This will surely enable us to apply the method with a much 
greater degree of certainty. 
It is encouraging to note that an outfit so easy to use as the Megger Ground 

_ Tester, and of such small size and light weight, has demonstrated itself to be highly 
4 useful and economical in the survey. I believe it is not too much to expect that the 
_._ instrument, the method of application and the interpretation of results obtained may 
( all be subject to improvement in the near future, so that the Megger will be much 
: 
F 


used in geophysical surveys by the resistance method. 


_—  K. Sunpsera,t Stockholm, Sweden.—Could not the discrepancies between the 
predicted and the actual depth to bedrock be accounted for by irregularities in the 
bedrock, or changes in the overlying glacial drift? 


M. K. Hussertr.—I cannot answer that question entirely, as the only data we have 
to go by are the neighboring well logs and the subsurface maps made up from them. 
These show that we are over a solid, homogeneous limestone. Variations may occur, 


es a 


* James G. Biddle Co. 
°G. F. Tagg: Interpretation of Resistivity Measurements. See page 135, this 


volume. 
{ Chief Engineer, A. B. Elektrisk Malmletuing. 


Se ae LD ye 


however, in the overburden. C 
the field with Tagg’s samasiias bocatins his paper did 
after the field season was over. , 


F. W. Lze,* Washington, D. C.—When carrying out. pee ray rk it 
kept in mind that several factors have to be left out in connection with e sim 
assumptions necessary to the interpretation. All such formulas as eo 
resistivity to be constant, whereas it actually varies in different directic ) 


E. Dr GonyEr ,t New York, N. Y.—Can you depend upon the geolo 
: pretations of the geophysical Pendinoa? For example, it seems to me that the ev 
obtained over anticlines and faults are somewhat similar, and that you might interpr et 
a fault under that big W on the graph of resistivity for your anticline. 


a 7 2 
M. K. Hussert.—The W obtained over a fault is complete in three 
whereas the big W over the anticline was spread out over several 


ay apart. Whether or not given high readings are due to buried strips of a mey can 

; _ determined by spreading the electrode separation to see if the strip is underlain 

» conductive material. In this region, the gravel is followed in depth by more ¢ nd 
tive material. Thus, it behooves the geophysical prospector to determine the 

; conditions that obtain in a given region, by cut and try methods, if necessary. 


E. G. Lzonarpon.—Dr. Lee said that the resistivity of a formation may change ~ 
according to the direction in which it is measured; that is, there is a resistivity trans- 
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verse to the bedding, and another along it. Therefore, if a survey deals with a region 
underlain by tilted strata, measurements of the resistivity in two directions are 
not comparable. 

There is a question of nomenclature introduced by Mr. Hubbert’s nee I 
should like to suggest that when the resistivity measurements are being taken by 
moving the same length of line across country, we call this a “‘horizontal exploration.” 
If an expanding electrode separation is being used for the purpose of determining the ~ 
resistivities at i inpreaging depth, we could call it a ‘‘vertical exploration” or a ‘vertical 
electrical drilling.” 

In the matter of detecting faults and inclined beds at the same time, it should be 
remembered that a fault and a series of tilted beds constitute two different disturbing 
factors, which cannot be easily separated. 

For instance, if we have to deal with a series of inclined beds alternatively resistive 
and conductive, the resistivity profile across the formations will be a curve like C in 
Fig. 14. 

Things will be different, however, if we consider the case of horizontal or approx- 
imately horizontal formations. In such case, each of the two compartments will show 


regular resistiyity figures and the appearance of the resistivity profile will be somewhat 
similar to the one shown on Fig. 15. 


* U.S. Bureau of Mines. | 
7 Petroleum Geologist. 
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SOME 21 OA (DISCUREION (21-2 7-ne ot ore 
LPS om | 
Dr G JOLYER. .—What is the effect of an inclined fault plane, say dipping 45°? 
a 


HONARDON. —It will depend on the charseter of the two compartments of 

Should the two compartments be distinctly differentiated, the phenomenon 

l electrically appear as shown on Fig. 15; if not, the fault may cache show a resist- 
of passage to the current (Fig. 16). 


- N. Jounson.——We made some small-scale tests of the effect of the displacement 
esistors by submerging in water two 6 by 12-ft. horizontal insulators 3 ft. and 2 ft. 
deep respectively, with the 12-ft. edges on either side of a line, and running an electrical 
_ traverse across them. The profiles for the various a spreads of this traverse indicated 
_ the presence of each insulator by increased values of p and the zone of displacement by 
ower values of p. 


E. DE Gotyrer.—In all this work it should be kept in mind that the task of the 
_ geophysicist i is to collect a certain type of information. When this is done, he specifies 
- what conditions must be fulfilled by the underground formations to produce these 
phenomena. It is the business of the geologist to guess the geological conditions that 
fulfill the terms thus imposed, and which is most likely to occur. So far, the most 
successful work has been in the seismic exploration for salt domes in the Gulf Coast 
- fields. 


qq G. F. Taaa,* London, England (written discussion).—I am particularly interested 
in Mr. Hubbert’s efforts to determine the depth to bedrock, using the method I 
- suggested, based on the theory for a single horizontal stratum. By the application 
of my theoretical curves, Mr. Hubbert has obtained what would be considered very 
accurate agreement in the final curves of Fig. 11, and it is extremely unfortunate that 
the results so obtained should be only one-half of the value as given by a near-by well 
._ log. The three curves deduced from the theoretical curves intersect in a point for 
_ both stations 1 and 2. This is in fact a much better intersection than that given in 
_ Figs. 5 and 7 of my paper.!® A small triangle of error is usually to be expected. 
I have carefully checked the theory and the computed curves on which the method 
of interpretation is based. These are quite correct. If somé other form of geological 
structure, such as a vertical body or even a sloping stratum, were producing the 
results given in Table 1, the point of intersection given in Fig. 11 would not have been 
obtained, and a result somewhat similar to that given in Fig. 12 for station 3 would be 
expected. The mere fact that the three curves intersect in a point is a fairly good 
proof that the stratum in question is a single horizontal one. The error is practically 
the same for both stations, and it therefore appears that in some way a factor of two 
__ has been overlooked in the results. 
On the other hand, it would be interesting to know how near the well logs were to 
the stations, although if the depths given by these well logs are correct, and the values 
zi __ given by the theory are also correct, the well logs would have to be a considerable 
distance from the stations for the stratum to behave as if it were perfectly horizontal. 
a J trust that some further depth determinations will be made using this method, as 
I feel that only methods based on theory can be satisfactorily employed for this purpose. 


M. K. Huszserr (written discussion).—The computations using Tagg’s method 
for stations 1 and 2 have since been rechecked independently to see if, as Mr. Tagg 
suggests, a factor of two could have been overlooked. No such error has been found. 
Other solutions have been tried using various values for the surface resistivity. These 


have not helped appreciably. 


* Evershed & Vignoles Ltd. 
10 See pages 142 and 144, ' 
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‘surface undulates but gently. Inspection of the resistivity da 


ay 


PARTH-RESISTIV. 


was used. The data ee other peers ‘tg in th e : 


the trouble lies in not having a two-layer case to work with. . 


the se Fednstls pies to the nathan comptes field of interpretation of ¢ 
geophysical phenomena. He has determined what independent variables contr 1 
readings of his instrument, and then has found experimentally the effect | fo} 
variable, and its usefulness in making geological interpretations. As is usual, he 
finds that theoretical predictions, based upon simplifying assumptions, are fulfilled — 
at best only in order of magnitude. 

I should like to suggest a fourth variable, 7’, the period of reversal of the commutat- 
ing system. A simple consideration of dimensions shows that if: H = potential 
difference between the potential stakes; p = resistivity in ohm-centimeters; A = 
3a = spacing of current stakes; » = permeability of ground; and ¢ = time in seconds| 
needed for £ to settle to within a given fraction of its steady state value after the 
current circuit is closed; ~ 


t= A? 
p 


where k = constant (dimensionless) 
= 1 for most rock. 
eee 1 Conrad and Marcel Schlumberger’s work in resistivities at great depths 
= 2.32 X 10-° approximately when ¢ is the time it takes the difference, E — Exteaay 


to reduce to H — Extesay = 7 (Emax. = OE teadiy ye 


From this it would seem that, for the electrode spacing used by Mr. Hubbert 
the order of magnitude of the time of duration of the transitory state is so small as to 
make this time insignificant compared to 7. However, as this type of measurement 
is made on an increasing scale, the variable 7’ rapidly makes itself felt. We can see, 
therefore, that any investigations of very deep structures by means of a rapidly _ 
commutated direct current will have to be regarded from an electromagnetic point of 
view rather than from the point of view of steady direct current. This means the 
introduction of the variables 7’, period of reversal, and ¢, phase relationship of com- 
mutators, etc., into the hitherto comparatively simple picture. 


L. G. Howet.,} Houston, Tex. (written discussion) —In the paper under dis- 
cussion, Hubbert has employed the Gish-Rooney method in obtaining electrical 
resistivity results, some of which, it seems, should be considered in further detail; 
in particular, the results that he obtained in the laboratory and used for explaining 
the data obtained in making surveys in the field. In the Gish-Rooney!® method of 
geophysical exploration four electrodes are placed in the surface of the ground along a 
straight line in such a manner that the three segments between successive electrodes 
are equal. A measured direct current (which may be reversed rather rapidly) is 
passed through the two extreme electrodes with the ground as the conducting medium 


and the difference of potential set-up between the two inner electrodes is measured. - % 
Then or 

V cal 

Pa = anay {1] : 

* Sun Pipe Line Co. - 

} Geophysics Research Dept., Humble Oil & Refining Co. ' 
°O, H. Gish and W. J. Rooney: Terrestrial Magnetism and Atmospheric Elec- " 


tricity (1925) 30, 161-188. 
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Hed ‘apparent resistivity” of the ground, a is the length of the 
t | uccessive electrodes, V is the difference of potential between the 

maat electrodes and J is the current flowing through the two current elec- 
For a homogeneous ground of resistivity po, eq. 1 reduces to the Wenner" 


Pa = Po 


“othe instead of the posed He found that when a ital eieet was placed 
mi way between the potential electrodes at right angles to the line of the electrodes 
h oa was greater than the normal resistivity; when the electrodes were moved so that 
_ the sheet was between a potential and a current electrode the resistivity was less than 
the normal resistivity; and, finally, as the electrodes were moved away from the sheet 
Pa approached the normal ae 
3% Since the result that the value of pa was See when the sheet was placed 
between the potential electrodes is unexpected, let us consider the theory of such 
ie ymeastzements: 


THEORETICAL RESULTS 


z As is well known, the solutions of current flow are analogous to the solutions of 
_ electrostatic fields.!? Let the perfectly 

a conducting sheet of thickness very ) ) ) } 

small in comparison to a and of infi-  ¢, ew ginal Va C 


nite extent in the other two dimensions 
be situated between the potential elec- 
trodes P; and P», at a distance x 
from the origin O as shown in Fig. Fie. 17. 


; ine 
ee If I is the current and pp is the resistivity of the medium, then the potential U: at 


P, is due to the pole 5— hos * at C, and in addition to its image —ie0 at the mirrored dis- 


tance 3ga — x to the a of the sheet. Thus, 


ie pea a me 
2 Wr a 2 (2a — 22) 


The potential U2 at P2 is due to the pole ~ at C. and its image ie at 


the mirrored distance 34a + 2 to the right of the sheet. 


i s- Tpo 1 Ipo 1 
, Urs tq Gt Qe Ca + 22) 
a “4 _ Ipof a? — 22? 
a | Va, - 0, = 32/5 | 
From equation 1, 
i. ; pe a ae es Pips 2 
a eghiag oA a? — x? Cie oe a [2] 


4 y By similar calculations the value of p./po can be obtained for the case of the sheet 
between P; and Ci, 


be} * | tsesk 
, Ra! Hiermeme ra): 2 (3) 
p 11 F. Wenner: U. S. Bur. Stds. Bull. 258 (1916). 
2 A. B. Broughton Edge and T. H. Laby: Geophysical Prospecting, 250. Cam- 
bridge, 1931. University Press. 
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and for the case of the sheet beyond C,, 


2 3a5x 3 4 
pl Gaara) | 7 ED a 


In equations 2, 3 and 4 2 is always taken positive and may be measured either to the 
right or to the left of O, since we have symmetry about that point. a 

It might also be interesting to consider the results obtained by substituting a 
thin perfectly insulating sheet for the conductor. With the conductor the tangential 


Beco 
eosin: seein 
ei 


Position of Conducting Sheet Relative To Electrodes 


2 Pp, Py c, 


15 
! 

fa, 

1, 


3) 


Position of Insulating Sheet Relative To Electrodes 


) | ) ! 


Cc, P, PR Cc, 
Hie. 19: 


component of the current flow at the surface of the conductor is zero while for an 
insulator the normal component at its surface is zero. Thus the image of a pole 
obtained with the insulating sheet has the same algebraic sign as well as the same 
strength as the pole. We now obtain for the insulating sheet of small thickness and 
of large dimensions in the other two directions in comparison to a, assuming that 


charges do not collect on the insulator and that a pole does not influence the potential 
in the medium on the other side of the sheet 


i" 5 ees = - rs, 
OVYDISCUSBION YT? Thi44a0-HPSAd 


Her Tein es* a va fre, 
rtdits" ie ae CTS 6) 

foe sin 8 ee a 3 

ibe =5|2 (@ + 22) (a sal Bar eines (6) 

adh io 3a%a" 3 | 

7 =1+ (4? — @) (2 — a?) = a?) (a? 03) ce 52 [7] 


Again as before z is taken as positive in either direction. Figs. 18 and 19 show the 
__ theoretical curves obtained for a perfectly conducting sheet and a perfectly insulating 
_ sheet, respectively. In the ordinate direction the ratio p./po of the apparent resistivity 
__ to the resistivity of the medium is plotted while in the abscissa direction the position of 
_ the sheet relative to the electrodes, which are placed as shown, is plotted. 


EXPERIMENTAL RESULTS 


Measurements were made in order to confirm the theoretical curves. Tap water 
about one foot in depth in a wooden tub approximately one yard in diameter was 
used as the medium of which the resistivity was to be measured. Four pointed copper 
electrodes were used with a spacing of 5 in. The current was measured with a 
milliammeter and the difference of potential determined with a potentiometer, 
Readings were taken with the current flowing in one direction and then with the 
current reversed. 

The circles shown on Fig. 18 represent experimental points taken using a copper 
sheet £4 in. thick. Also, experimental points are shown in Fig. 19 for a bakelite 

as sheet 149 in. thick. Although the experimental accuracy was not of a high degree. 

the points in the main lie fairly close to the theoretical curve. Therefore we can 
conclude that under perfect experimental conditions the experimental points would 
Jie on the theoretical curve. 

It is very likely that the surface of the metal sheet that Hubbert used was not 
sufficiently clean, and thus he obtained a value of p. greater than pp for a position of 
the sheet midway between the potential electrodes because his sheet was not perfectly 
conducting. It seemed that the copper sheet that we used acted more nearly as a 
____ perfect conductor when it was cleaned with acid. The value of pa/po obtained with 
a an aluminum sheet placed midway between the current electrodes was 2.2. After the 
sheet was washed with alcohol and a solution of potassium hydroxide, the value of pa/po 

dropped to 1.3. It must be remembered that a very thin film of grease forms a good 
~ insulating surface. Also, galvanic effects might become disturbing, if there are impurities 
on the surface of the plate in the presence of an electrolyte. Again, polarization at 
é the electrodes may influence the results. 
In conclusion, it may be stated that Figs. 18 and 19 seem to represent the true 
_ picture of resistivity measurements obtained under ideal conditions with a perfectly 
conducting and a perfectly insulating sheet when each is moved with its plane kept at 
right angles to the line of the electrodes to various positions with respect to the 
electrodes. The condition of the surface of the sheet plays an important role in such 
measurements; for example, a very thin film of grease can form a highly insulating 
surface on a material which itself is highly conducting. Also, the measurements may 
be influenced when the lines of current flow are disturbed by the collecting of charges 
on the surface of the plate or by the setting up of electromotive forces between the 
jmpurities on the sheet and the electrolyte of the medium. Still another disturbing 
effect is polarization at the electrodes. 
The writer wishes to acknowledge his indebtedness to Dr. L. W. Blau for sugges- 


tions in the experimental work. 
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EARTH-RESISTIVITY 
a t pal TUES an 
M. K. Husserr (written discussion).—I am -extre 
Howell’s settling of the problem that I raised regarding the 
sheet in a tank of water. ‘en : — 
Subsequent theoretical analysis both by myself and others has yielded 
results as those presented by Mr. Howell. Thanks are due him even more for7 
ing what almost certainly is the real cause; namely, the grease film on the metal le 
The plate used was one picked up around a mine. It was not specially cleaned a 
in all probability was covered by a grease film sufficient to account for the obs 
resistivity peak. 


S. F. Keuuy,* New York, N. Y.—It seems to me that in discussing the 
crepancy between Hubbert’s depth determinations and the depth to the limestone a 
stratum as assumed from well-log data, we are straining at a gnat and swallowing | : 
acamel. Previous speakers have mentioned the possibility that the assumed dept b 
may not be accurate. I would stress this point. Where the assumed depth departs" 


N 
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Approximate Location ‘h5 
A’ oF Cesso00r 
BERR Location of Tank 40. 
8 —— Equiresistivity 

Curves 


9 Resistance 
Readings 


Fig. 20.—LocaATING BURIED TANK BY RESISTANCE READINGS WITH A Mracer GRouND 
TESTER. : 


The lines of equal resistance, based on the readings taken, are shown on the map. 


so radically from an electrical depth determination that has all the signs of being a 
good one, I should be inclined to credit the electrical data. It should be remembered 


that we are dealing with a limestone area, and if the top of this formation represents Fe 
an old erosion surface, hills and valleys in that surface may easily bring about a ° 
difference in elevation sufficient to account for the discrepancy. Furthermore, if the W 


old surface were of a typically karst topography, abrupt differences in elevation would 
be quite in order. Glacial erosion may have played its part in scouring out irregulari- 
ties in the soft limestone, too. However, before finally blaming either the electrical 
measurements or the limestone for the difficulty, we need more information on the ¢ 
subsurface topography, and on the distance of the well from the site of the electri- 7 
cal determination. 

Although not directly related to Mr. Hubbert’s paper, the following incident is ; 
interesting because it illustrates the use of the Megger Ground Tester. Mr. Bela Low 
has a country place at Katonah, Westchester County, N. Y., in the grounds of which 
he buried a septic tank some years ago. In the summer of 1931 it became advisable 
to locate the tank, but the stake that had been erected to mark its location had dis- 


* Geologist and Geophysicist, Low & Kelly. 


] ae ith i results shown i in the Penang (Fig. 20). . 
hms was observed ata point: on line II. (Since the stake interval 
tthe res tance readings b have not been converted from ohms to resistivi- 


top of an old cesspool, now ; filled with ays Evidently the ey ind had ; 
e low resistance at that point. Intermediate lines IV and V were then run , 
II and III, and between I and IT; a new set of resistances was then read. 

wer value ery before, 5.5 ohms, was this time observed on line V. A few 

ork with a shovel at this point eed the top of the steel tank at a depth 

, one foot. 
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Location of Faults in etn Chie Illinois, by the 
resistivity Method* eae a 
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By M. Kine Hussert,{ New York, N. y. AND J. Marvin Wansie Unpana, Iu. 


(New York Meeting, February, 1934) ee a "I 


q PRELIMINARY investigations were undertaken with a Megger Grou nd E 
Tester in 1931 by Hubbert to determine whether the faults in Hardin 

- County, Illinois, could be located by earth-resistivity surveys. 

re: results of these investigations, which were in part presented batare th 
field program in aes same general area the following summer. 

During the second season an apparatus of the Gish-Rooney type was 
employed because of its greater sensitivity and to avoid the troublesome | 
correction for resistance of potential electrodes necessitated by the use of a 
Megger instrument. 

The discussion of earth-resistivity traverses which constitute the main 
part of this paper is based entirely upon the results of the second season’s 
work. All of the traverses were made with a constant electrode spacing of 
a equal to 100 ft., and the four-electrode technique was employed. Suc- | 
cessive stations in these traverses were spaced at intervals of 100 ft. and 
the line of electrodes was carried parallel to the line of traverse. 

The graphs of resistivity profiles presented here (Figs. 1 to 3) are 
plotted with resistivities in ohm-centimeters as ordinates and with dis- 
tance divided into stations at 100-ft. intervals as abscissas. 

After the traverses were run by Hubbert the results were computed, 
the profiles plotted, and tentative interpretations were made by him. 
These curves and interpretations were then taken into the field by Weller, 
who made a careful geological examination along the lines of traverse for 
the purpose of checking and supplementing Hubbert’s interpretations. 
Weller then constructed a geologic cross-section extending along the line 
of each traverse. The accompanying diagrams graphically illustrate the 


correlation that can be made between earth resistivity and geology in :. 
this area. ‘ 
Manuscript received at the office of the Institute May 22, 1934. b 
* Published by permission of the Chief, Illinois State Geological Survey. <a 


{ Instructor in Geophysics, Columbia University; Associate Geologist, Illinois 
State Geological Survey. 


{ Geologist and Head, Stratigraphy and Paleontology Section, Illinois State 
Geological Survey. 


1M. K. Hubbert: See page 9, this volume. 
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GroLogy or Harpin County 


The geological formations throughout most of Hardin County consist 
of a series of alternating sandstone and limestone-shale units, most of 
hich vary from 50 to 200 ft. in thickness. These rocks are cut by an 
_ intricate system of nearly vertical faults and the more important known 
_ fluorspar deposits, which make this area one of the world’s leading sources 
_ of fluorspar, occur as veins that follow a few of these faults near Rosiclare. 
a Because of the known association of the fluorspar veins with faults, an 
4 accurate knowledge of the fault pattern is essential to future efficient 
_ prospecting. The bedrock of this region, however, is generally mantled 
___ by considerable thicknesses of residual material, loess and alluvium, so 
that in many parts outcropsarerare. Furthermore, the limestones, sand- 
if stones and shales that are exposed do not possess physical characters that 

make it easy to distinguish and correlate them. ‘Consequently the 

geological mapping of the faults in this area is difficult and requires much 
eareful observation and an intimate acquaintance with the stratigraphic 
section. Even so the accuracy of the map depends largely upon the 

_ distribution and nature of the outcrops. 

, A geological survey of Hardin County was made by Stuart Weller and 
a report and geologic map were published in 1919.2. This map shows the 
distribution of the known faults. Most of the larger faults are probably 
shown but undoubtedly there are many minor faults that have not yet 

__ been discovered, and as there is no relation between the magnitude of 
displacement and the size of the associated fluorspar vein, some of these 
undiscovered faults may be of great potential economic value. Also, 
because of inadequate outcrops, the location of many of the major faults is 
known only approximately. Consequently any means that gives promise 
of discovering unknown faults or more accurately locating those that have 
already been mapped is worthy of careful consideration because it may 
furnish information of the greatest value for further prospecting. 


EvecrricaL Resistiviry or Rocks 


The resistivity offered by the earth to the passage of an electric current 
depends to a large extent upon the amount of water present. As the 
ground-water table is much nearer the surface beneath valleys than it is 
beneath hills, a resistivity curve should conform to some extent to the 
topography. Different types of rock, however, vary greatly in their 
ability to absorb and retain water. Although shales possess little obvious 
porosity, they are generally able to hold a considerable amount of adsorbed 
water rich in electrolytes, which does not drain out readily, and as a 
result shales commonly exhibit relatively low resistivity. Most lime- 
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2S. Weller: The Geology of Hardin County. Illinois State Geol. Survey Bull. 41 
(1919). 
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resistivity will be low where they are ‘filled with hte or Ee 
high if they are dry. Coarse or porous sandstones may hold much w 
but the water drains from them fairly easily, and consequently their 


resistivity will vary considerably in accordance with the height of the — 
ground-water table. There are, of course, all gradations between — 
these three main types of rock, and as sandstones or limestones become ~ 
more argillaceous their resistivities rapidly approach that of shale. In _ 
addition to the bedrock, earth resistivity is also influenced by the over- — 
burden of unconsolidated material. As this is commonly clayey or silty, — 


its influence approaches that of shale, but as the surficial material varies 


much in thickness from place to place it may mask to a greater or less ; 


extent the resistivity of the underlying bedrock. 

If the rocks of Hardin County consisted of thick formations of homo- 
geneous and distinct lithologic types, which might be expected to possess 
different electrical resistivities, it should be easy to locate faults. Actual 
conditions, however, are not so simple. The sandstones are fine grained 
and locally argillaceous, shales and limestones are intimately associated as 
alternating thin beds in several of the formations, and such thick lime- 
stones as do occur are commonly more or less cavernous. Many of the 
formations are not thick enough to warrant the interpretation that the 
resistivity readings reflect the influence of a single formation. Moreover, 
the topographic relief in the area studied is about 200 ft. and the surficial 


materials vary greatly in thickness from place to place. All of these : 


complications must be carefully considered in connection with the inter- 
pretation of earth-resistivity measurements. 


E|ARTH-RESISTIVITY TRAVERSES S 


Traverse No. 1 


This 5-mile traverse illustrates fairly well the varying degrees in which 
faulting is reflected by earth resistivity. The peak in the resistivity curve 
recorded between stations 267 and 245 is one of the most spectacular 
anomalies obtained in the entire region. In order to make certain that it 
is not the result of error or accident this part of the traverse was rerun 
a few yards to one side of the original traverse. Except for minor details 


the second measurements are practically identical with those made on the 
original traverse. 


* This and the following traverses constitute part of a study that will be described 
in a future publication of the Illinois State Geological Survey. 
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formation overlying the sandstone to 
the left and another limestone-shale 
formation underlying the sandstone 
to the right, there must be a fault 
bringing one sandstone formation 
in contact with another. Because 
lithology does not permit the identifica- 
tion of these sandstone formations, 
this fault cannot be located by out- 
crop observations. The sharp rise in 


e: the profile between stations 267 and 


263 runs counter to the topographic 
slope, and there can be little doubt, 
therefore, as to the location of this 
fault, No. 1, which formerly had been 
mapped about 600 ft. farther to 
the left. 

- Fault No. 2 is somewhat doubtful. 
It is drawn on the basis of a sheared 
zone in sandstone. It hasnot affected 
the resistivity profile appreciably and 
probably is of very small displacement. 

The fall in the profile over the next 
quarter mile to the right corresponds 
mainly to topography but it is very 
steep and a fault may be present here 
also. A tentative fault was drawn at 
about this position on the preliminary 
geological map of Hardin County but 
was not included on the published 
map. A re-study of near-by exposures 

suggests that the dip of the strata is 
- not sufficient to carry the beds that 
outcrop on the right side of the valley 
(at station 236 or 237) below those 
underlying the hillside to the left, 
therefore a small fault, No. 3, has 
been indicated in the cross-section. 
The location of this fault, if present, is 


somewhat doubtful. It cannot be accurately located by outcrops. 
resistivity profile suggests that it occurs several hundred feet farther to 


tee The traverse here crosses a wide sandstone area in which the beds 
_ dip gently to the left. Judging by the identification of a limestone-shale 
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the left but it has been located in the oro 
of topography. : 
This traverse for over a mile to the right of Pre No. 3 pi 
wide limestone area mantled in part by thin sandstone. The rise b 
stations 233 and 228 is sharp but corresponds to ebhcioortem eee: 


Bat of station 228 are rather olathe of a a region. | The 
curve suggests faulting near stations 206, 201 and 195 but onan 7 
lacking here and, even if present, faults could probably not be recognize d 
in this limestone unless they were actually exposed. It is equally possible eo 
that these irregularities result from sink holes. be 

Faults 4 and 5 bound a much sheared block of sandstone. They 
correspond to two small peaks in the profile but their existence could not — 
be determined except by outcrop observations. 

To the right for 114 miles the traverse passed over continuous ime 
stone. The resistivity is unusually regular and low for such a limestone 
area. A small fault, No. 6, occurs at about station 120 but it is not even 
suggested in the profile. Its existence is known from the workings of a 
small mine but neither the amount of displacement nor the relations of 
upthrow and downthrow sides are apparent. 

The position of fault No. 7 is shown accurately in outcrop. This is a 
fault of large displacement and its very slight reflection in the resistivity 
profile is noteworthy but probably results from the abnormally low resis- 
tivity of the limestone to the left. 

The fluctuations of the resistivity profile between stations 110 and 88 
are unexplained. They do not correspond to topography and although a _ 
fault is suggested at about station 100, outcrops seem to show that there is 
no interruption of the strata. 

The existence of fault No. 8 is somewhat doubtful and the difference in 
elevation of a sandstone bed on the opposite sides of the hill may be the 
result of slight folding rather than faulting. The small high between 
stations 89 and 80 does not conform to topography but is unusually 
wide to be produced by a fault of small displacement. 

Fault No. 9 is clearly shown by outcrops and is well represented in the 
resistivity curve as the rise east of station 69 does not conform 
to topography. 

Fault No. 10 is indicated by the repetition of about 10 ft. of beds in a 
small gully. It is unimportant and has not appreciably affected the pro- 
file, which roughly corresponds to the topography between stations 
50 and 35. 

Fault No. 11, known from outcrops, possesses nearly twice the dis- 


placement of anne No. 9, but is not conspicuously reflected in the resis- 
tivity profile. 
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Fault No. 12 is accurately located by outcrops and is reflected in a 
sonspicuous rise in the profile. This is the type of anomaly that might 
4 be expected to occur at the contact between solid limestone and shaly 
a: beds. Fault No. 12 is second in importance in this traverse only to fault 
_ No. 7 but the latter is by no means clearly recorded in the profile. 

i. The fluctuations in the profile to the right of fault No. 12 seem to be 
7 rather characteristic of an upland limestone area with numerous sink 
holes. Fault No. 13 corresponds to the low point in this part of the curve. 
_ Its location is known from outcrops, and several small mines and prospect. . 
- pits mark its course. Without such evidence, however, it would be 
impossible to interpret this part of the profile. 


~_ 


y Traverse No. 2 
ya 


This traverse, which is nearly 314 miles me appears to He one of the 
- most satisfactory that was run in this district. Fault No. 1 has not been 


Ohm -Centimeters 


5 
ES 30 120 110 100 90 @ 10 60 So 40 30 2 10 0 10 -20 -30 ~do 
; Fic. 2 
oe located by outcrop observations. The sharp rise in the profile between 


stations 122 and 117, however, does not accord with the topography, and a 
c fault is believed to be indicated here. 
a The next sharp rise, to the right of station 90, likewise does not cor- 
Z respond to the topography and a fault is tentatively drawn at this posi- 
tion, but outcrops are unsatisfactory for checking the interpretation. 
Steeply dipping sandstone beds occur here but they may represent cross 


3 bedding. The very irregular profile between stations 85 and 77 is unex- 
; plained unless it is the result of unsatisfactory ground connections on a 
. steep sandstone hillside. 

; Fault No. 3 is somewhat doubtful because only alluvium is present 


for a considerable distance on the left-hand side. It is possible that the 
: rise in the resistivity profile to the right of station 30 is a reflection of 
topography but it seems to be much too steep to result from this cause 
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alone. It is Wliewed that this same fait eC 
another parallel traverse 1% miles away. It is intere 
fault was shown at about this position on a preliminary copy 
County geological map although it does not appear on the publis 
Fault No. 4 has not previously been recognized. Its presence 
indicated in the rapid decline in resistivity between stations 2( and 
Evidence substantiating the existence of this fault was found in 
exposure of different formations in an outcrop and a near-by test pit. ois nt 
Fault No. 5 is known from outcrop observations but is not reflected in ? 
the profile. t 
No. 6 is an important fault that has long been known. Its position is is 
accurately indicated by the short but sharp rise between siateus 165 
and 18. a 
Fault No. 7 is somewhat doubtful and the great irregularity of the 
profile to the right of station 28 may be entirely the result of sink-hole 
topography. However, the alignment of steep dips in this curve with 
those recorded in two near-by parallel traverses strongly suggests the 
presence of a small fault. : 


Traverse No. 3 


The resistivity profile of the third traverse is of considerable interest 
because there are few outcrops in this vicinity and consequently the 
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previous geological mapping is rather uncertain. Faults probably occur 
at about the positions of Nos. 1 and 2, because the dip of the strata is not 
great enough to allow the sandstone that underlies the hill to the right of 
fault No. 2 to pass beneath the sandstone that caps the fault block to the 
left of Fault No. 1. 

The location of fault No. 1 is not accurately indicated in the profile. 
It is projected across this traverse from another parallel traverse some 
distance away, where its presence seems to be more clearly shown. 

Fault No. 2 is fairly accurately located by the rise in the profile 
between stations 55 and 51. This fault also is well shown in a 
parallel traverse. 


x 


47 


i 


a A parallel traverse indicates the presence of a fault which, if projected, 
2 would pass down the valley between stations 36 and 31. The sharp rise in 


_ the profile between stations 33 and 29 is good evidence that this fault, 
EENo. 3, occurs near the right side of this alluvium-filled valley. 

‘The sharp drop in the profile between stations 22 and 17 does not con- 
form to topography and makes it seem probable that a fault, No. 4, occurs 


_ here. There is no other evidence of its presence. 


Fault No. 5 has been located by prospectors near this traverse. Its 
position is accurately shown by the sharp rise in resistivity between sta- 
tions 6 and 4. 


CONCLUSIONS 


Electrical resistivity surveys in Hardin County have proved of 
considerable value as an aid in locating faults where outcrops are scattered 
and inadequate. Although some of the important and well-known faults 
of this district are not indicated by notable variations in the resistivity 
profiles, others appear to have been located more accurately than by out- 
crop observations alone and several new faults are thought to have 
been discovered. 

Many faults are indicated by rapidly increasing or decreasing resis- 
tivity measured at several successive stations. Therefore some of them 
have not been located within several hundred feet by these traverses in 
which the electrodes were uniformly spaced at 100 ft. It is probable that 
retraversing these critical sections with decreased electrode intervals 
would result in more accurate location. It is also possible that retraverses 
with different electrode spacing would serve to locate known faults that 
are not reflected in the resistivity measurements already made. By run- 
ning additional parallel traverses the existence of doubtful faults that 
cannot be located by outcrop observations could probably be substan- 
tiated or disproved. A detailed survey of an area would involve checks of 
these and possibly other types. 

Electrical resistivity surveys intended to explore faulted districts » 
attain their greatest usefulness when subordinated to detailed geologic 
field mapping and when so planned that they supplement the information 
obtained from outcrop observations. It should be emphasized that a 
thorough knowledge of the stratigraphic section and local structural 
relations are essential for an adequate and satisfactory interpretation of 
the resistivity anomalies, because fluctuations suggestive of faults may be 
produced in the resistivity profiles by other geologic or topographic 
conditions. As the profiles show simply the relative conductivity in the 
surficial materials and upper portion of the bedrock, the amplitudes of 
their fluctuations are not measures of the amounts of displacement that 
may have occurred along the faults encountered and the upthrow and 
downthrow sides of the faults cannot be determined from them 


except indirectly. 
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spacings and per a tpi farther eb 7 mean a combination on of tl 
another method by which you have different spacings. a4. tis 


m M. K. Hussert.—Mr. Kihlstedt showed a profile of the sort you ask about 

which I think would give results better than ours, but we did not have that k 
apparatus. These profiles were run in a manner similar to an eight-wheel wago 
something of the sort, crossing a railroad track—that is, every time a set of w 
went across, there was a jolt. When we went across the fault, it took three statio 
and we got oscillations as we went across. A part of those slightly objectionable 
features is due to the fact that the apparatus is not, perhaps, the best that has been | 
developed for the purpose. On the other hand, if we changed the electrode spacing — 
we would probably cause trouble because it nade spread the stations farther apart. 
: Also, we would get into more layers of different kinds of bedrock by taking in more 
; depth, so it is better to take the shortest spacing possible. 7 


8S. H. Dotprar,t New York, N. Y.—To what extent are the results portrayed 
here regarded as justifying the use of similar methods in other places? 


M. K. Hussrert.—It depends entirely upon how important it is to obtain informa- 

. tion. Ina region where it is very important to locate one or a few faults in a relatively 

small area, one can afford to detail to almost any extent necessary, but if the area is 

large and it is not necessary to know the minute details, any method of this kind, 

which necessarily involves a fairly detailed working, would, I think, not be desirable 
because of its costliness. 


S. F. Keniy,{ New York, N. Y.—It is hardly necessary to point out the extrapola- 
tion that can be made from Mr. Hubbert’s paper; namely, a technique of this kind can 
be advantageously used wherever the fault system has a direct bearing on the occur- 
rence of the mineral body, whether that mineral is nonmetallic or metallic in nature 
and where the rocks involved show a sufficient difference in electrical characteristics 
to make the faults apparent. 


* Mineral Technologist, Missouri Pacific R. R. Co. 
+ Consulting Mining Engineer, 
{ Geologist and Geophysicist, Combined Geophysical Methods, Inc. 
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Some Practical Applications of Resistivity Measurements 
to Highway Problems 
By Kari 8. Kurtrenacker,* Mapison, WIs. 
(New York Meeting, February, 1934) 


In attempting to find a rapid and economical means for solving 


_ many of the subsurface problems that confront the highway engineer, 


the author for the past two years has utilized a Megger Ground 
Tester on resistivity surveys in conjunction with highway construction. 
Electrical surveys in connection with highway work are largely shallow 
depth surveys, thus differing from most other types of resistivity work. 
Consequently, the readings are affected by a great many qualifying factors 
such as the density and moisture content of the media under observation 
and the amount of weathering and leaching. In most cases the surface 
layer is decidedly heterogeneous in character, and, because of the great 
number of side hill cuts, the second layer, which in most cases is rock 
overlain by some sort of surface soil, silt, or debris, seldom lies in a hori- 
zontal position. 

Shallow strata, lacking homogeneity and not lying in a horizontal 
position, do not lend themselves readily to accurate theoretical inter- 
pretations, therefore the author has used empirical rules to a large extent 
in interpreting depth soundings. The following empirical rules of inter- 
pretation are surprisingly adequate for highway work, since much of the 
work is in the nature of reconnaissance surveying and the results are 
construed to be approximations. The writer is careful not to risk 


interpretation on some special feature of the curve, since such features 


are usually due to random errors or lack of homogeneity among the 
subsurface strata. 


EFFEcT OF SurFAcE Mrpium 


A resistivity depth sounding taken to a depth of 200 or 300 ft. is not 
much affected by superficial conditions, but these conditions have a 
great effect in depth soundings to 25 or 30 ft. In shallow soundings the 
character of the surface medium has a very marked effect on the entire 
resistivity graph. Fig. 1 illustrates a very striking example. Graphs A 
and B are depth soundings taken in approximately the same place. The 
surface stratum is a clay loam but at the place where graph B was taken 


Manuscript received at the office of the Institute Feb. 5, 1934. 
* Junior Geologist, Wisconsin Highway Commission. 
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the surface is stripped of sod. RR the mediur v 
electrodes were inserted was more moist and more dense at B th: i 
At A the roots of the grasses caused the soil to be more porous, t 
allowing the sun to evaporate the moisture to a greater depth. Graph A 
is a sharply falling curve to the top of the rock at a depth of 8 ft., while | 
graph B shows no marked changes in resistivity value. 

The geologist must carefully note the conditions of the surface 
medium. Changes in resistivity are not always representative of corre- 
sponding geological changes, hence it is possible to have one geological | 
stratum represented by one or more strata of resistance. 


ELECTRICAL SURVEYS IN QUARRY INVESTIGATIONS 


Electrical surveys have been used very successfully in investigations 
in limestone quarries. The operation of quarries in the limestone-capped 
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Fig. 1.—ANOMALOUS RESISTIVITY DEPTH PROFILES OBTAINED AT APPROXIMATELY THE ; . 
SAME LOCATION IN THE SAME MEDIUM. 


ridges of western Wisconsin has long been a source of trouble. A con- 
tractor never knows when a clay-filled sink hole will be encountered. 
Often these sinks are 20 to 30 ft. deep and in width embrace upwards of 
50 per cent of the working face. By taking resistivity depth profiles 
every 50 ft. in both an east-west and north-south direction across the 
surface of the proposed quarry, not only can the depth of stripping 
be determined, but clay-filled sinks that are large enough to hinder oper- 
ations can be detected. 

Fig. 2 is a schematic cross-section through a limestone ridge. The 
three resistivity depth curves show that the stripping, which appeared 
negligible at the old quarry face, increases to serious depths toward point 
C. The same story is told by the equiresistivity traverses, which show a 
decrease in resistance as point C is approached. 
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Fig. 2.—DEPTH CURVES AND EQUIRESISTIVITY TRAVERSES,, SHOWING THICKNESS OF 
STRIPPING ON PROPOSED QUARRY. 
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only ne old quarry was 2 et To all one ee c 
lent face of massive limestone, with almost no stripping, ¢ 
through the spur. However, because the top surface of the 
Magnesian was badly dissected before the St. Peter sandstone v 
deposited, it is always wise to conduct some sort of an investigation prior _ 
to quarrying. This is especially true if the proposed quarry is to be on 
opened in the upper beds of the Lower Magnesian. 

It was necessary to take only two resistivity depth profiles to see 
what sort of difficulties would be encountered in the quarry illustrated by — 
; Fig. 3. Depth profile A, 150 ft. back along the ridge from the quarry 
a face, revealed 9 ft. of St. Peter sandstone resting above the Lower Mag- 
nesian. The same comparable 9 ft. at the quarry face exposed good 
limestone. Depth profile B, taken between A and the quarry face, 
revealed a clay-filled sink hole 10 ft. deep. 

Simple reconnaissance such as this saves money. This quarry surely 
would have been abandoned after the set-up was made and a small 
amount of stone removed. The equipment would then have to be moved 
to some other location to obtain the necessary amount of material. 

Notice that in depth profile A both the sandstone and the limestone 
are represented by resistivity values that decrease with depth. This is 
due to the very highly resistant, unconsolidated, dry sand just beneath 
the thin sod cover. Although the resistance of the sandstone is high, it 
is not as high as the dry sand, hence the falling values. 


Curt CLASSIFICATION 


The interpretation of electrical quarry data is comparatively simple 
because conditions are fairly uniform. Most of the quarries are opened 
in the driftless area, where gravel is scarce and where the limestone 
uplands are usually overlain with silt or clay. 

Cut-classification work is much more complicated because the many 
types of soils overlying the great variety of rocks result in curves that 
vary greatly in shape and behavior. Much more anomalous data are 
obtained because of the many subsurface combinations. 

Table 1 is a list of the various types of overburden and bedrock 
native to Wisconsin. 

The classification of various materials into the two groups helps in 
referring to the electrical character of a formation. Materials that are 
highly resistant and, inversely, weakly conductive, are classified as 
“resistant”; materials that are highly conductive and, inversely, weakly 
resistant are called “‘conductive.”’ It is impossible to establish limits in 
resistivity values for any one type of material because the amount of 
moisture is such a dominating influence. However, it can be said that 
in normal seasons the materials in the “resistant” group exhibit a greater 
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he ReEsIsTANT ; ConpDuUcTIvVE 
‘ Glacial tills of Wisconsin age Glacial tills of pre-Wisconsin ages 
Earth ~ Glacial sands and gravels of all ages Glacial flood silts of all ages 
- Residual sandstone soils River clays and silts 


Marls, mucks and (wet) peat 
Residual limestone and shale soils 
Loessial silts 

Limestones 

Rock _—_Sandstones Shales 

Granites, basalts, syenites, etc. 

Quartzites, marbles, etc. 


resistivity than any of the materials in the ‘‘conductive” group. Mate- 


rials are “resistant” either because of lack of pore space or lack of 
soluble salts. The “conductive” materials are all porous to various 


degrees and in all there is an abundance of soluble salts. 

Interpretable resistivity data cannot always be obtained in regions 
where a “resistant” earth covers a “resistant”? bedrock, or where a 
“conductive” earth covers a ‘‘conductive” rock. Similarly, it is usually 
difficult and sometimes impossible by electrical methods to differentiate 


_ between two “resistant” earths, two “resistant” rocks, or two “con- 


ductive” earths. That is, glacial sand and gravel cannot be distinguished 
nor can granite be differentiated from quartzite or sandstone. 

Whenever any member of the resistant column overlies any member of 
the conductive column, or vice versa, resistivity data that are easily 
interpreted are nearly always obtained. 

When the contact between two resistant or two conductive materials 
appears on a resistivity graph, the corresponding discontinuity will be 
small, as in curve C, Fig. 4. In this figure, curves A and B are resistivity 
depth soundings revealing conductive loessial silt overlying resistant 
limestone. Curve A shows the contact perfectly, but in curve B the 
contact is not clearly shown. This is a very common type of curve for 
these conditions, especially when the limestone is 15 ft. or more beneath 
the surface. Considerable care must be taken in their interpretation. 

Curves A, B and C in Fig. 5 are typical depth soundings obtained on a 
classification survey. Curves A and B reveal the contact between glacial 
outwash gravels and the Franconia silty greensand, curve A being inter- 
preted empirically. In curve B there exist two logical discontinuities, 
one at point X and another at point Z. Consequently, Tagg’s theoretical 
method of interpretation was applied and was found to be but one-third 
of a foot in error. Curve C shows the contact between the Franconia 
silty greensand and the Dresbach sandstone. Notice that the resistance 
of the Franconia is very low. Although this stratum is a solid rock 
formation containing 50 per cent or more quartz grains, the calcareous 


1 Quartz, in itself, is a highly resistant material, pure quartz sandstones being 
almost devoid of soluble salts. 
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Fig. 4.—TyYPIcAL RESISTIVITY DEPTH CURVES. 
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Fic. 5.—TyYpicaL DEPTH CURVES OBTAINED ON CLASSIFICATION SURVEY. 


these prominences of drumloidal shape are rock-controlled. Because of 
the great number of erratics in the drift, mechanical soundings cannot be 
obtained at small expense. An equiresistivity traverse across the ridge 
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_ will indicate the presence of a rock core and outline its boundaries very 
~ accurately. 


The cross-section in Fig. 6 shows the backslope of the finished cut. 
The dashed line is the actual outline of the rock core; the solid line is the 
outline predicted by the resistivity traverse. Although the two lines 
are not in perfect agreement, yardage computed from either of the 
enclosed areas would not differ materially. 

Even though the electrical data may outline the top of the rock 
accurately in a given cut, it may be that the final classification of the 
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Fic. 6.—PROFILE OF RESISTIVITY TRAVERSE SHOWING ROCK CORE IN GLACIAL HILL. 


project will show discrepancies when compared to the estimate. This is 
usually due to the human element involved in determining just what 
material moved by the contractor is solid rock, loose rock, and earth. 
In some cuts the boundaries are clear and sharply defined, while in others 
there is a thick transitional zone of fractured, fragmentary loose rock. 
Some of the material in this zone is classified as ‘‘solid rock”’ but does 
not reveal itself as such on the resistivity graphs. 

The writer has found that in areas where there is a thick zone of loose 
rock between the residuum and the solid ledge, the estimates derived from 
resistivity soundings tend to underclassify the amount of solid rock. 
This is because the lower part of the fractured zone, while not fresh, 
unweathered, solid rock in the geological sense, is solid rock from the 
standpoint of cost of excavating. 
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singe so surveys have a valuable tines ay iesiees 
It is peseible to determine the depth to hard, stable t 

structed fill will sae acts or not the fill is ee ei tlede O na 
firm foundation, and, if a fill is not settled, will indicate the thickness ¢ 
peat and muck that lies between the fill and the hardpan at the bottom ‘ 
of the swamp. 

The latter information is valuable in necataabitig the cost of setting 
long-existent fills. In many states, highways across swamps have been © 
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Fra. 7.—RESISTIVITY DEPTH CURVE IN SWAMP (A) AND ON SETTLED HIGHWAY FILL (B), 
WITH CROSS-SECTION THROUGH PORTION OF SWAMP. 


left unpaved because of the habitually unstable condition of the fill. 
In the future these gaps are going to be paved, and to insure a smooth 


Pr 
riding pavement, removal of the muck will be necessary. + 

Experience has shown that resistivity depth readings taken in marshes ; 
and swamps result in depth curves that reveal the bottom of theswamp a 


with an exceptionally high degree of accuracy. This is because the 
strata are so thoroughly saturated with water that the observed resistivi- 
ties are not affected by zones of variable moisture content. Nor are there 
rocks or fragments of alien material on or near the surface to locally 
affect the conductivity of the medium under observation. 

Curve A, Fig. 7, is a resistivity depth profile obtained in Packwaukee 
Swamp, a rather shallow but very large swamp. Curve A was taken at 
the location of a boring, the log of which is as follows: 0 to 10 ft., peat and 
muck with sand lenses; 10 ft. to bottom, stony glacial till. The graph 
revealed a pronounced discontinuity at 10 ft., it being an uneven curve 
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_ from 0 to 10 ft. and.a rising tangent from 10 to 25 ft. The uneven curve 
_ conforms to the heterogeneous character of the swamp materials, and the 
_ straight line to the glacial till. 

a The difference in resistance between the marsh materials and the 
_ hardpan is not compatible with the difference in chemical or physical 
characteristics of the two strata, because the media under observation 
are so thoroughly saturated with water, which tends to equalize the 
resistances. The cross-section in Fig. 7 shows the bottom of a portion 
of the swamp as determined by borings compared to the determination 
by resistivity methods. 

In a shallow swamp where the depth to solid bottom is from 5 to 
15 ft., resistivity soundings are, if anything, a little slower than soils- 
auger soundings, but in a swamp deeper than 15 ft. such a length of 
sounding rod becomes unwieldy. 

Many swamps are known to have occasional beds of sand or gravel 
interspersed in the muck and peat. These beds vary in thickness from 
a few inches to 3 or 4 ft. Cases are on record where soils-auger soundings 
have encountered one of these sand beds and the survey party, failing to 
bore through the sand, assumed the layer to be solid bottom. Resistivity 
readings easily eliminate this error. ; 

Resistivity depth profiles were obtained on the shoulder of the exist- 
ing highway that crosses the Packwaukee marsh, the object being to 
ascertain whether or not the fill was properly settled on solid bottom. 
The material used for the fill was borrowed from the low hills forming 
the south margin of the swamp. This material is the same type of 
glacial till that bottoms the swamp. Settlement was made by blasting. 

If a fill is properly settled, the depth profile should be a regular falling 
curve because the fill material and the underlying till are identical, and 
because, though dry at the surface, the fill becomes very moist with 
increasing depth, owing to capillary action. Curve B, Fig. 7, is an excel- 
lent example of a depth profile on a well settled fill. Irregular graphs 
q indicate a floating fill, anomalies in the electrical data being caused by the 
ia muck and peat upon which the fill is floating. The thickness of the fill 
E can be ascertained by electrically sounding through the fill, while the solid 
: 
i 
3 


bottom can be determined by electrically sounding at the toe of the fill, 
using the swamp as a surface medium. Thus the thickness of the swamp 
material between the fill and the solid bottom can be ascertained. 


OTHER Highway PROBLEMS 


A small amount of work has been done by the writer in connection 
with bridge surveys. Electrical depth profiles were obtained at proposed 
bridge sites to determine the depth to a material of sufficient bearing 
strength to support piling. 
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andclay. It is difficult to ascertain the contact between the rock and the 
sand, but the sand can be differentiated from the clay very easily. For 
smaller structures, sand has sufficient bearing strength to hold piling 
in place. 

Fig. 8 shows two depth profiles in river valleys, curve A obtained at 
the location of a boring in the sand and gravel-filled valley of the Rock 
River, and curve B in the silt-filled valley of the Mississippi. There was 
no control for curve B, but the Chicago, Burlington & Quincy R. R. Co. 


rock. Some valleys are filled with sand that is in turn overlain by silt ’ 
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ie reported a depth of 80 ft. to solid bottom beneath one of its bridges, 
60 ft. away from the point where curve B was obtained. 


It is easy enough to obtain data in the bottom lands, but taking 
resistivity soundings for a pier to be constructed in the water is a different 
story. It is impossible to work from boats or rafts, but the data might 
be collected in the winter. Even then, work would be slow, because holes 
would have to be chopped in the ice for every reading. 

In other states, resistivity surveys have been used to locate and out- 
line gravel deposits that are buried in river clays and glacial ground 
moraines. None of this work has been done by the writer because Wis- 
consin is plentifully endowed with excellent gravel deposits that are 
topographically prominent. The writer did attempt to locate areas of 
gravel in a sandy outwash plain, but neither by depth soundings nor 
traversing could the gravel be distinguished from the sand. 


CONCLUSIONS 


Resistivity measurements are not infallible. The method is not an 
ideal one from the standpoint of accuracy. The results of some of the 
observations with the Megger Ground Tester have shown geological 
discontinuities as clearly and correctly as could be desired. Most of the 
data are slightly erroneous but not enough so to be serious, and every so 
often curves are obtained that are quite uninterpretable. 

Fortunately, good, interpretable results can readily be obtained by 
resistivity measurements in the areas of bouldery glacial drift, cherty 
overburden, and similar ground, where it is most difficult to obtain accu- 
rate mechanical soundings. One of the paramount advantages of resistiv- 
ity equipment is that it can be taken into country that is inaccessible to 
many drilling outfits. 

Field technique is simple; interpretation of the data is difficult. 
Whenever a resistivity party goes into unfamiliar country, control should 
be established. The interpretation of eleetrical data without control, 
or without previous experience with similar conditions, is little better 
than a guess. For shallow data, control can be supplied by geological 
maps, well records, outcrops, and occasional borings. 
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ABSTRACTT ea. 


i 

Tue authors give a definition of the various types of corrosion that 
may affect a metallic conductor buried in the ground, namely: 4 

1. The metallic conductor may be attacked by the surrounding soil. 
This phenomenon is purely local and is called by them soil corrosiveness. 

2. The metallic conductor may connect two regions of the ground — 
when the electrolytes have a different composition. An electrical 
current will then be generated and certain zones of the conductor will 
be oxidized. This is autogalvanic corrosion. 

3. Stray current may flow in the ground and enter the conductor in 
certain sections and leave it in others, thus causing oxidization in certain 
us zones; this is electrolytic corrosion. 

The soil corrosiveness has been studied extensively by the United 
States Bureau of Standards and the authors give a summary of the work 
carried out and results obtained along this line. } 

In autogalvanic corrosion it has been shown, by the investigation of 
buried pipes, that the zones of corrosion are associated with the zones 
of egress of the electric current (anodic zones). The location of these 
zones can be determined by measuring at the surface of the ground the 
difference of potential that exists along the path of the pipe. This work 
is performed easily and quickly with the apparatus invented by the 
authors for the exploration of conductive orebodies. 

The problem of electrolytic corrosion is a difficult one because it is 
a question of stray current which may vary in direction and intensity 
at every instant. Therefore the components of the electrical field must 
be known at a given station and compared with the components of the 
electrical field at another station, at the same moment. This is achieved 
by a recording apparatus that will register the variations of the inten- a 
sity of the electric current along two rectangular directions, during 
several minutes. 


woe 


* Compagnie Générale de Géophysique, Paris, and Schlumberger Electrical Pros- . 
pecting Methods, New York. 


+ The paper was published as A.I.M.E. T'ech. Pub. 476 (1932). =a 
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Electrical Methods in Prospecting for Gold x 


By Forxe H. Kiaustept,* New York, N. Y. 


(New York Meeting, February, 1934) 


GEopHYSIcAL prospecting for ore has been more or less at a standstill 
during the present crisis owing to the lack of interest in base-metal 
exploration. A notable exception is the increased use of electrical and 
magnetic methods in prospecting for gold, the former in Canada, United 
States, Sumatra, Africa and Western Australia, and the latter on the 
Rand. This application to gold prospecting marks a forward step in ore 
prospecting because it is based upon mapping the geology instead of a 
direct location of the ore in question, as the amount of gold in an average 
gold ore is far too small to have any influence upon the physical properties 
of the rock in which it occurs. The development has thus gone in the 
same direction as geophysical prospecting for oil; that is, to find geological 
conditions that are genetically connected with the gold ore as exemplified 
by known occurrences. Naturally the success of this indirect prospecting 
depends upon two things: (1) the soundness of the geological conclusions 
upon which is based the hope of discovering new deposits, because a great 
many geological ‘‘set-ups” are barren, and (2) the ability of geophysical 
methods to help the geologist to collect the pertinent geological data 
within reasonable cost, after which favorable structures may be drilled 
or trenched. 

The first point is one to be considered by the mining geologist. In 
the vicinity of producing mines or promising prospects, the chances of 
finding ore in quartz veins and shear zones are great, and a survey giving 
the location of these features will materially guide both surface and 
underground exploration. Even in outside exploration the chances are 
sometimes favorable. As an example may be taken the Northeastern 
Ontario-Western Quebec gold zone. Large areas are here covered with 
glacial and post-glacial deposits and a simple study of available maps 
reveals the fact that less than 30 per cent of the area can ever be even 
preliminarily prospected by commonly used prospecting methods, of 
which the pick and shovel are the main tools. Considering the number 
of deposits found, it is evident that many deposits remain hidden below 
the overburden. The knowledge of gold geology gives a starting point 


Manuscript received at the office of the Institute Jan. 13, 1934. 
* Swedish American Prospecting Corporation. 
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_ for an intelligent search for new deposits in many areas, where sufficient 
z data are on hand to suggest their presence. 


Our first consideration will be to study geological data of gold deposits, 
to find the features that are amenable to electrical prospecting. Gold 
occurs in base-metal ores, in placer deposits, in certain conglomerates, 
and in zones mostly connected with quartz of hydrothermal origin. The 
last type is of greatest interest in Canada and the United States and the 
following discussion is limited to that type of deposit. 


GEOLOGICAL CONDITIONS 


Comparatively few gold mines are true fissure veins without any 
alteration of the wall rock, or without some fracturing or shearing extend- 
ing into it. As a rule, shearing or fracturing is necessary to form the 
channels along which the gold-bearing solutions could ascend. These 
solutions carried many other constituents than gold, and at some time 
during the deposition they usually replaced part of the wall rock, forming 
new minerals that characterize the zone of alteration surrounding the 
quartz veins. The width of this zone of alteration varies from district 
to district and from place to place within a mine, but it is always present 
in some form or another. : 

Typical features of gold deposits are therefore the vein quartz and the 
zone of alteration and, as will be shown later, these rocks have electrical 
characteristics, which as a rule are quite different from those of the rock 
in which they occur. 

The alteration usually consists of a softening of the wall rock by 
shearing and by the development of a number of minerals, such as 
chlorite, sericite, carbonates, etc., and pyrite. In deposits formed close 
to the surface, as at Goldfield, Nev., kaolin and alunite are present. 
This alteration usually produces a rock of higher porosity than the 
unaltered rock. The porosity of a rock is one of the factors determining 
its ability to conduct the electric current,’ and the altered rock, because 
of its higher porosity, will show a lower resistivity to a current passing 
through it. 

As the information on pore volume in the literature is rather meager, 
the following figures are not restricted to auriferous veins but include 
other veins where the chemical action has been of a similar nature. 

las Pore VOLUME 
Willow Creek, Idaho :? 


Fresh granitic rock.. ere: Dre ened. 2 OES 
Altered granite aidte: Rabiersha’s veins. Nit RO ee ad CST ORO 


1K. Sundberg: Effect of Impregnating Waters on Electrical Conductivity of Soils 
and Rocks. Trans. A. I. M. E. (1932) 97, 367. 

2Data from Lindgren: Mineral Deposits. New York, 1919. McGraw-Hill 
Book Co. 


Bonanza district, Colo:* oe 2 
Fresh, black augite-mica partes ey 
Fresh, gray quartz-latite............. 
Altered andesite: red jasper type.... 


black jaspertype..ty 26: aoe Sader 
red type with pyrite. Sate tie 2s wetee oss 
Silicified andesite. . ak sesrceliah sie 
Rock with sericite and Kaolin’. ie eee ee ees ee 0. 
Copper Gulch, Utah:4 ; 
Fresh quartz-monzonites sae emer tree = «ste uae creer ere a 


Altered quartz-monzonite, adjacent to pperietpummaline vein. 12. 0 
O.K. Mine, Utah:4 


Fresh quartz-monzomite!!) 20", SO ae eee ld 

Altered quartz-monzonite adjacent to quartz-copper vein...... 1922nRe f 
Goldfield, Nev. :5 ‘ 

Unaltered lava. . habe ree ED 

Sere oa Pie hci Men AZy tock faltered 5 SE Se as 9.9 


The increased pore volume due to the alteration varies in these cases _ 
between 2 and 10 times that of the unaltered rock, which would produce 


differences in resistivity at least of the same order. Larger differences 
usually are found in actual resistivity tests on fresh and altered and 


sheared rocks. 
OumMs PER METER CUBE 
Porcupine district, Ontario :° 


Fresh’dacite-andesite. 2.03... 220. S29 DO a ee about 10000 
Slightly altered andesttes: Abas a 3,460 
Completely altered rock, oats x beuites aacte RNG eS 95-760 
MLM eee about 10,000 
Serpentine. . socdlle «dat aneiol Read os ste ees ee Boren Cerere aTe mie tate ane nena EES 
ie dredigar ancient At ERS EY pS ee ee 610 
Slightly altered syenite (showing some corhenaiains leigsienes <rxpetyes 440-3690) 
Slightly altered minette. . eae ie ae tae eye ctl 2: 1,030 
Alisred and theated minetts tt Sop) ahi ees aint ara aaa 190 
Mineralized, slightly silicified schist... /...0. 0.00...50.. 00.00. 670—1,200 
Silicified: schist, with some vein quartz... scien ieee 11,300 
Maasive. vein, quarts, i... 02s) »ald sack eapepetleiyin Othe eit neert aint aie ee en 


* Data from Burbank: Geology and Ore Deposits of the Bonanza Mining District, 
Colorado. U.S. Geol. Survey Prof. Paper 169 (1932). 

* Based on data of specific gravity and mineral composition in The Ore Deposits 
of Utah, by Butler, Loughlin, Heikes and others. U.S. Geol. Survey Prof. Paper 
111 (1920). 

5 Ransome: Geology and Ore Deposits of Goldfield, Nevada. U.S. Geol. Survey 
Prof. Paper 66 (1909). 

° Tests made on diamond-drill cores soaked in subsurface waters mae the area. 
Samples were put in a vise with plastic metallic contacts carefully wetted with salt 


water. The resistivity was determined with direct current, reversing poles, and with — 


alternating current about 200 cycles. Schistosity, where present, cut across sample 
at an angle. 
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Oums PER MeTER CusE 


ge aoe yediheata ul and kil pS UE STR verage 8,000 
_ Sheared and altered... Pea eI Sts A alee. os A RERa gS 412 

_ Fresh lavas, varying between rhyolite and andesite......... average 3,200-6,640 
_Schisted and altered lavas................................ average 166 
- Quartz and feldspar porphyry, fresh. . ceeee. average - 8,900 
Slightly altered quartz porphyry _ welloen polonite -..sa.. average 350 
Intensely altered quartz porphyry. . 4 Spin ho. average 60 
Silicified tuff with mineralization...........................up to 11,600 


The difference in resistivity between unaltered and altered or sheared 


rock thus appears to be much greater than the pore volume indicates. 
_ The presence of pyrite or other sulfides, as well as some schistosity, making 


better connection between the pores, presumably accounts for this 
difference. An extreme example of these two factors is found in the 
Homestake mine, South Dakota, where the ore is a schisted rock carrying 
sulfides, some of which are oriented along the bedding planes or the 


schistosity. Tests of the resistivity along the schistosity show: 


Oums PER METER CuBE 


Se UR EP UBORPEG -tawibioyy to asbeerihty “tani 25,800 
Ellison phyllite. . Ri ad 2 Set ae hcg tag 528 
ertiestal’e Formetion: ore. = Te ee 4.6 
Homestake formation, not bpradidedys SG. Sites. SH. BAZ 1045 
De Smet, iaobiticer mn Shackieyi Jay: By bes. oatan 505 


~The resistivity of vein quartz is extremely high, often approaching or 
even exceeding 100,000 ohms per meter cube. An example from Woman 
Lake, Ontario, gives: 


Oums PER Murer Cuse 


Pregutepecupvone itd! 1S. aides ath. dace ewes. 6,000-8,000 
IIA SSN Coy CUMEQUALD AN. of cree Merb. ys iticieay us cat astte 150,000 


Sometimes all of this high resistivity is not realized in a survey, 


. because the quartz may occur as a great number of stringers in the schist, 
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as at Alaska Juneau and frequently at Porcupine, Ont. The current 
will pass more freely at places, thus reducing somewhat the resistivity 
of the quartz zone as a whole. 

The width of the altered zone may vary between a few inches and 
several hundred feet, and the width of the quartz veins between a few 
inches and several tens of feet. 

The geologic-electrical circumstances at an idealized quartz-gold 
deposit are thus a series of rapid changes of resistivity. From fresh 
rock we pass through an altered zone, vein quartz, altered zone and back 
into the fresh wall rock. The accompanying resistivity ratios are of the 
order of up to 50:1 between fresh rock and altered rock and often several 
hundred to one between quartz and altered rock. 


will be explained later. 


GEOPHYSICAL CONSIDERATIONS 


It is apparent that the electrical property of altered or sheared rock ~ 
and of vein quartz is generally such that with a proper electric method - 
one can trace out the system of fracturing and the veins of an area 
covered by overburden. In the beginning the matter was not so easily 
solved. The electrical characteristics are not so pronounced as in the 
case of sulfide ores. Some of the important rocks are nonconductors 
instead of conductors. There is, therefore, required a method of great 
utility range, of great sensitivity but also a method that is free from 
outside influences, as these are apt to be much more disturbing with 
relatively small resistivity anomalies than with sulfide ores, where the 
anomalies due to the ore are much more pronounced. 

A suitable potential instrument, the Racom, was developed by | 
Zuschlag’ in 19380. This instrument has undergone extensive tests and 
development in many parts of the world during recent years and its 
quality as an accurate all-round instrument has been well proved. 

The theoretical principles of potential methods applied to general 
geological problems have been comprehensively studied by Hedstrom,® 
who, referring to this application as “electric trenching,” has studied - 
the cases of contacts and of vertical sheets of a conductivity differing 
from that of the homogeneous material in which they are embedded. 

In their practical application potential methods suffer from the same 
disturbing factors as all other geophysical methods; namely, the influence 
of anomalies arising from the surface. In this case the anomalies are 
due to irregular thickness and composition of the overburden. As the 
overburden usually has a resistivity different from the bedrock, these 
irregularities will greatly affect the surface potential distribution, many 
times to such an extent as to overshadow completely the anomalies 
sought in the bedrock. In order to utilize fully the sensitivity of the 
Racom and the possibilities offered by potential methods in general, it 
became necessary to find a way to eliminate the surface influence, and 
after many laboratory tests, theoretical considerations and field tests 
this has been accomplished. 

The elimination is done by the help of a property of the potential 
field, heretofore overlooked, which is a function of the depth extent of 
the anomaly, so that one limited to the surface will not give any indication 


7H. Lundberg and T. Zuschlag: A New Development in Electrical Prospecting. 
Trans. A.I.M.E. (1982) 97, 47. 

§H. Hedstrom: Electrical Prospecting for Auriferous Quartz Veins and Reefs. 
Min. Mag. (April, 1932). 
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whereas one extending to depth will be clearly indicated in spite of 
J _ irregularities that may occur in the overburden. The method will be 
briefly explained by presenting two cases of potential distribution, 


expressed in the potential drop ratio between two subsequent potential 
drops, properly reduced for normal ratio. The arrangement of power 
electrodes and Racom instrument with rods is shown on Fig. 1. 

The first case, a laboratory case (Fig. 1), is a rectangular body with 
lower resistivity than the surrounding material. The depth extent a of 
this body is varied, all other factors remaining the same. In this way a 
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< YK Bedrock” 
Conducting Body 
Fic. 1.—PoreNnTIAL-DROP RATIO CURVES OVER A CONDUCTING BODY, FOR DIFFERENT 
DEPTH EXTENTS OF THE BODY. 


curve series is obtained, showing the influence of a upon the potential 
drop ratio. Three of these curves are shown in Fig. 1, fora = 1,3 and 8. 

It may first be observed that the strength of the indication increases 
only slowly when a increases, showing that the indication is caused 
mainly by the surface portion of the conductive body. When a increases, 
the indication moves slowly to the right, away from power electrode, 
so that it becomes more-and more unsymmetrically located with regard 
to the center of the conductive body. The lack of symmetry may be 
best observed by measuring on Fig. 1 the distance between the normal 
ratio and the intersection point between the ratio curve and the vertical 
line through the center of the body. 

If the power source is moved to the other side the same ratio curves 
are obtained, but-rotated 180° around the vertical axis, as in Fig. 2, 
where the cases of a = 1 and a = 8 are plotted. A symmetry line 
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ick of ‘symmetry of the. urve 
The impression upon the s symmetr y 


; Fia. 2.—CompLete RacoM CURVES AND SYMMETRY LINE FOR TWO CASES OF Fic. 1. | 


’ symmetry as a function of the depth extent of the body. The symmetry 
line will, in fact, show no indication at all when the corresponding 
anomaly is limited to the surface (overburden). The case a = 8 would © 
correspond in the field to a depth of | 
200 to 600 ft., a depth that generally is 
exceeded by vein deposits. 
The second case, Fig. 3, is a vertical 
contact between two materials extend- 
ing infinitely downward, a condition 
that gives a ratio picture as on Fig. 4. 
It has been calculated by using 
Maxwell’s theory of images. Herethe 
a =/:9 distance from the contact to the power 


Fic. 3-——SymMerry ting orRacom Clectrode is varied, all other factors 


SURVEY OVER A CONTACT FOR DIFFER- remaining the same. Another curve e 
ENT DISTANCES BETWEEN THE CONTACT . 4 . . a : 
AB eae Sowa ate ROO series is obtained, showing the influence 


of this distance upon the symmetry- 
line indication. In Fig. 3 the symmetry line for the distances d = 3, 10, 
50 and « are plotted, the original ratio determinations being left out. 
The indication is slowly decreasing in size when d increases, until for 
d = ~ it has disappeared. From this we may assume that the cause of 
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‘Fic. 4.—Tyrrcat RAcoM INDICATIONS OVER A SHEET OF POOR conDUCTIVITY (A), 
ONE OF GOOD conpucTIVvITyY (B), AND A conTacT (C). 

In Fig. 4 are plotted three calculated cases of a sheet of poor con- 

ductivity, one of good conductivity and a contact. The resistivity ratio 

1:10 between the different rocks has been chosen so as to represent actual 
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Fic. 5.—EXAMPLES OF ELIMINATION OF SURFACE ANOMALIES. 


eases in nature, which, however, often may be expected to surpass this 
figure; for example, in the case of a quartz vein and a shear zone. ‘The 
width of the sheet is assumed to be 10 ft. and the electrode spacing 20 ft. 
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peiliogs As the thicknéas of the jena ioeantole rere: indicatic 
naturally become weaker. This is also the case when the resistivity 
the overburden is small compared with that of the bedrock. Experi- 


ments and field tests show that the method is still reliable for rather & 
extreme cases of this kind. For example, surveys in Western Australia 
recently have disclosed shear zones with enclosed auriferous quartz veins _ 


below an overburden containing layers saturated with salt water. In the 
following will also be shown a survey in Ontario, where details in the 
bedrock were determined and interpreted despite a cover of glacial drift 
of depths up to 300 feet. 

The elimination of overburden anomalies is further illustrated in 
Fig. 5. The right-hand drawing is part of a profile at Porcupine, which is 
typical for glaciated pre-Cambrian areas. Among the sometimes 
violent disturbances, there is one indicating a known shear zone, whereas 
all the others disappear as being due to surface effects. 


SuRvEY AT SHILLINGTON, ONTARIO 


An interesting survey was carried out during 1932-33 at Shillington, 
about 23 miles east of Timmins, Ont. (Fig. 6). It was thought that, in 
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Fic. 6.—Tur SHILLINGTON AREA, ONTARIO. 


this general vicinity, the same structural conditions that control the 
deposition of gold at Porcupine would recur. The area is covered by 
glacial and post-glacial deposits to a depth of 60 to over 300 ft., and there 
are no outcrops within a radius of some 5 miles. The rocks occurring 
outside of this basin belong to the formations common in this part of 
Ontario; Keewatin lavas, Temiskaming sediments, intrusive dikes of 
Algoman age, usually granitic, diabase dikes and some quartz veins. 
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Resistivities of rocks found in the subsequent di 
in this paper. i oe x, Che: twcile 

The survey began with a magnetic reconnaissance to ascertain 
location of the Temiskaming sedimentary formation, which was fi 
to be interrupted in Stock Township, as indicated on Fig. 6. This 
is of importance because some of the structural control at Porcupine is 
definitely linked with a similar occurrence. 
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Fic. 8.—INTERPRETATION OF ELECTRIC AND MAGNETIC SURVEY, SHILLINGTON AREA, 
ONTARIO. : 


An extensive Racom reconnaissance survey revealed a wide zone of 
better conductivity within the area. This zone was surveyed in detail 
with profiles 330 ft. apart over a distance of about 2 miles and in addition 
some magnetic detail work was carried out. 

Examples of electrical and magnetic results are shown in Fig. 7. The 


zone of lower resistivity is between A and B. Within this zone there are : 
a number of indications of higher as well as lower resistivity. A study ‘ 
of the electrical and magnetic data permitted the detailed interpretation " 


of Fig. 8, where the physical properties determined are “translated” into 

probable geological formations and rocks. Based upon this map a | 

drilling plan was made mainly to test the zones of higher resistivity, 

interpreted as being due to acid intrusions or highly silicified rock. : 
In Fig. 9 is shown a drilled profile together with the geo- 

physical results of the same profile. A comparison of these data reveals 

the following: | 
1. The main zone, interpreted as a zone of fracturing, schisting or 


shearing of the lava, is composed of strongly fractured and altered rocks 
of Keewatin origin. 
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nes of higher :esistivity, which were interpreted as acid intru- 
Sion: or possible silicified rock, corresponded to intrusive dikes of granite 
and syenite, partly with porphyritic texture. . best? Siva 
Yor. An electric and magnetic indication south of the main zone was 
_ interpreted as a body of serpentine or possibly a mass containing pyrrho- 
1 ; 
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Fic. 9.—CoMPARISON OF DRILLING RESULTS AND GEOPHYSICAL RESULTS, SHILLINGTON 
AREA, ONTARIO. 


tite. The fact that the Racom survey showed this body to occupy a 
ridge in the bedrock surface argued against the latter possibility, and 
drilling revealed a body of serpentine, the northern contact of which was 
intensely sheared. 

4. The neutral rock north and south of the main zone, interpreted as 
unaltered Keewatin or Temiskaming, was normal, unaltered Keewatin. 
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5. A number of smaller indications could be interpreted as quartz, 


narrow acid intrusions or less altered sections of lava flows. As it was ¢ 


apparent that the overburden was very heavy, these indications were 
considered too uncertain to warrant any detailed interpretation. The 
drilling revealed, however, that even these reflected definite geological 
features in the drilled section. 

The geophysical conclusions and predictions were thus closely con- 
. firmed by drilling in spite of the unfavorable conditions, such as the 
exceedingly heavy overburden and the total absence of any outcrops 
within several miles of the area prospected. 

As vein quartz is practically absent and as, in addition, the acid 
intrusions are granite and syenite rather than quartz porphyry, the 
conditions are not of such nature as to constitute definitely favorable 
factors for finding a gold deposit in this area. 

The survey does show, however, how geophysical methods can be used 
for solving geological problems in drift-covered areas, problems which are 
abundant in prospecting for gold. 


DISCUSSION 
(Sherwin F. Kelly presiding) 


A. H. Rogsrrs,* New York, N. Y.—I think Mr. Kihlstedt treated the Western 
Australian work a little too cavalierly. It really has developed into a very important 
orebody. The work was done for a company in which Gold Fields and some other 
Western Australian operators have eooperated. The work consisted, of course, in 
looking for the shear zones that are known to go through that country, and was 
conducted over a part of the country covered by drift. 


M. K. Hussert,t New York, N. Y.—How far do you run the test profiles away 
from the current electrode, and what is the spacing between test probes? 


F. H. Kiausrept.—It depends entirely upon the conditions in the area of the 
survey. For instance, if there is heavy overburden, it is always better to increase the 
spacing. By increasing the spacing, you can go a littlefurther out. If the overburden 
is shallower, or the feature being sought is merely a small detail, the spacing must be 
decreased and you must stay closer to the power electrode. The limit we have used 
so far is about 1500 ft. distance from the power electrode. 


In some cases we have 
stayed within 400 or 500 feet. 


M. K. Huspert.—What current do you use on power electrodes, and what 
frequency? 


F. H. Kruisrepr.—Alternating current, a simple burner run by a portable 6-volt 
battery. The frequency usually is about 250 cycles. 


* Rogers, Mayer and Ball. 
{ Instructor in Geophysics, Columbia University. 
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Discovering Gold-quartz Veins Electrically 


By Suerwin F. Kutiy,* Tazopor Zuscuiac,* anp Beta Low,* New York, N. Y. 


- (New York Meeting, February, 1934) 
ApsTRACTT 


Gop has been mined in the State of Georgia for over 100 years, and 
although the total production is nearly $18,000,000, the output has declined 
to an insignificant figure in recent times. The increase in price of gold has 


- brought about a revival of interest in this district, with the result that 


an electrical survey was undertaken in the McDuffie County gold belt 
to see whether new quartz veins could be discovered. The problem of 
locating quartz veins electrically has only rarely been attempted by 
geophysicists, because of technical difficulties. New improvements in 
apparatus and field procedures, the most recent of which is the designing 
of the Ground Comparator, now make possible the differentiation of 
quartz veins and enclosing rock. This instrument is designed to eliminate 
the effect of ground contact resistances, and measures the ratio of 
potential drops between successive stations. These are transformed 
into resistivity ratios, the highly resistant quartz veins manifesting 
themselves by sharp breaks in the resistivity-ratio curves. Surface 
variations of resistance are eliminated by a special technique. 

Electrical surveys were made on two properties about 40 miles west 
of Augusta, Georgia. A reconnaissance of the Woodall and detail work 
on the Hamilton required about 13,000 ft. of electrical profile. Typical 
profiles from each are given, with the results of trenching certain of the 
electrical indications. Comparisons are made between the reactions 
due to veins several feet wide and those from small quartz stringers. 
Instances are cited where the electrical profiles were used to trace exten- 
sions of known veins, or to establish their nonextension. The discovery 
of several veins is described, most of which were barren, but of which at 
least two showed gold in encouraging amounts. ; 

The field of application of the Comparator to the prospecting for 
metallic and nonmetallic minerals, and to the study of various geological 
problems, is discussed at the close of the paper. 


* Combined Geophysical Methods, Inc. 
+ The paper was published in Mining and Metallurgy, June, 1934. 
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Application of Resistivity Methods to Northern Ontario 
Lignite Deposits 
By R. H. Hawxrtns,* Toronto, Canapa 
(New York Meeting, February, 1933) 


AN investigation of the applicability of geophysical methods to north- 
ern Ontario lignite deposits was undertaken early in 1930 by the Ontario 
Research Foundation at the request of the Ontario Department of Mines 


TasLe 1.—Formations Associated with Moose River Basin 


Maximum 
System | Formation Lithology Observed Correlation 
Thickness, Ft. 
Pleistocenes cc < sccuyer Marine clays 150 
Glacial till (Minimum 
Interglacial 30) 
clay and peat 
Glacial till 
Lower Cretaceous or] Mattagami | Fireclay, sand 138 Kootenay (?) 
Upper Jurassic. and lignite 
Devonian (Upper)..... Long Rapids | Petroliferous, 50 Portage and 
black and gray Genesee 
shale 
Williams Limestone and 87 Tully (?) 
Island caleareous shale 
Devonian (Middle)....| Abitibi River | Gray fossiliferous 65 Onondaga 
limestone 
Devonian (Lower) ?...| Moose Rive’ | Limestone and 50 
gypsum 
Bevonian (Lower)..... Sextant Arkose, clay, ete. 50 


Pre-Cambrian..... 


Syenite, granite gneiss, etc. 


Igneous intrusives.. Lamprophyre dikes cut the Abitibi River and lower formations. 
(Permission of Ontario Dept. of Mines) 


and was financed in part from a research grant made by the latter organ- 
ization. The work to date has included gravitational, magnetic and 
electrical resistivity studies. The gravitational and magnetic measure- 


* Research Fellow in Physics, Ontario Research Foundation. 
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ments will be described elsewhere 


by A. H. Miller, of the Dominion. 
Observatory, Ottawa, Canada. 

The main object of the resistivity 
studies was to determine whether 
resistivity methods could be used to 
find new lignite deposits; to delineate 
the Onakawana deposit between the 
exploratory drill holes already made 
at 1000 to 2000-ft. intervals; or 
to assist in working out the 
geologic structure of the lignite area. 
A secondary object was to compare 
observed resistivity effects with 
those theoretically calculated from 
known underground conditions. 


Geology of Area 


As shown in the key map (Fig. 1) 
the Onakawana lignite deposit occurs 
in the Moose River basin, 125 miles 
north of Cochrane on the Temis- 
kaming and Northern Ontario Rail- 
way. For detailed information 
regarding the geology of this area 
and its development up to May, 
1930, the reader is referred to the 
reports of W.S. Dyer.1. Table 1 and 
Fig. 2 show the features of most 
interest in connection with this paper. 
Table 1, reproduced from Dyer’s 
1928 report (p. 15), gives the series 
of formations associated with the 
Moose River Basin. The known 
lignite deposit occurs in the over- 
lying formation near the central 
region of an extensive synclinal fold 
in the pre-Cambrian shield. A deep 
drill hole designated A (Fig. 2), 
believed to be near the center of this 


1W. S. Dyer: Ontario Dept. of Mines 
(1929) 37, Pt. 6; Ibid. (1931) 39, Pt. 6; 
Trans. Royal Soe. [3] (1931) 25, 85. 
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glacial drift, varying degrees of glacial erosion and replacement having | 
taken place. Except where cut by water courses, the surface of the 7 
ground is quite flat. Irregularities in the glacial drift surface have been 
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ee 
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smoothed by more recent marine clay deposits, exposed by retreat of the 
sea, and covered in turn by muskeg of 4-ft. average thickness. Swampy, 
water-soaked conditions exist generally, except near the drainage courses, 
where spruce, poplar, and other soft woods occur in varying vigor and 
density. 


Scope of This Report 


Unless otherwise specified, the resistivity studies will be described in 
the sequence in which the measurements were conducted, under the 
following main divisions: 

. Laboratory Examination of Samples. 

. Preliminary Field Tests, August, 1930. 

. Field Survey, September, 1930. 

. Winter Measurements. 

. Laboratory Preparations. 

. Birch Cliff Tests. 

. Field Work, Onakawana, 1931. 

A general summary will be given, and an appendix describing the instru- 
ments and apparatus. 


NOOR WN 


Methods: Nomenclature and Description 


In all resistivity methods, current is supplied to the earth by input 
electrodes and the resulting potential distribution at the surface is deter- 
mined by means of selected configurations of pick-up electrodes. Four 
arrangements for depth investigations were used in the present work, 
hereafter designated as follows: 

Central Electrode Method.2—A single current electrode is placed at 
the site selected for study with four symmetrically placed outer current 
electrodes (theoretically a continuous circle), each distant at least twice 
the depth of the structure under investigation. The potential fall is 
measured over successive intervals suitably chosen about the central 
electrode and in any azimuths desired. The theoretical expression for a 
homogeneous medium is 


gg ies) 
‘ 2 ei “b-a 
where a = distance from central electrode to inner potential electrode, 
centimeters. 
b = corresponding distance to outer potential electrode. 
R = observed interbowl resistance in ohms. 
p = resistivity of the homogeneous medium (ohms per cm. cube). 


21. Gilchrist: Geol. Survey, Dept. of Mines, Canada, Mem. 165 (1931) 167. 
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although the above formula is strictly applicable only with the distan 


is aaa by a ar wae distant dost or on times this 
investigated. For practical purposes this distance is generally adeque 


electrode at infinity. 

Wenner’s Method.4—Four electrodes are spaced in line at equal inter- 
vals. The two most distant are current electrodes, and the two inner 
are potential pick-ups. For depth investigations, readings are taken 


TABLE —Resistivities of Specimens of Materials from Onakawana Lignite 


Fields 
Specimen aj eearenee Cubs 
1. Water shaken with a portion of clay.:..... e222 ee. - ae 4,440 
2. Muskeg saturated with water. :..).2...5.- a - «+. 4.0 same = 8,950 
3. Boulder clay from shaft No. 1 (typical of clay in contact with 
Wipiite), eo ca eee apceaie Radte aoa ce el ake ae at Re lara 11,000 
Ay WettligMite’. cic j2< of urs «es o) ccage oe = ge eres stot a ei ea 900 
5; lignite dried to the crumbling poimte. ae. ss eee 3,800 
6. Samples from shaft No. 1. 
Silt from 2 ft. below surface of ground..................... 1,880 ‘ 
Silt from 4 ft. below surface of ground...................... 7,620 i 
Bouldertclaytirom upper levelsens. ae. Se es 2,500 ' 
Mariné; claiyefa. <tei-desst. do. Saxe Sao, Dee. 38. 2,500 Sg 
Hire clays. sth ot Euiest Seldors: eaten ee ae 1,880 ; 
with a series of electrode intervals. The expression for calculations in a ; 


homogeneous medium is:— 


p = 2raR where p and RF are as before, and 
a = potential electrode interval, = 14 current electrode interval. 


Lee’s Partitioning Method.-—This is but a slight modification of 
Wenner’s method; a third potential pick-up is placed at the central site 
(mid-point of line of Wenner system) to study the two halves of the 
potential interval separately. The expression corresponding to each 
half is: 

= 4raR , 


where the symbols have the same meaning as in Wenner’s method, above. 


* A. 8. Eve and D. A. Keys: Applied Geophysics, 107-111. Cambridge Univ. 
Press, 1929. 


4F, Wenner: U. 8. Bur. Stds. Bull. 12 (1916) 469. 
5 J. H. Swartz: U. 8. Bur. Mines Inf. Circ. 6445 (1931). 
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Limitations of Simple Expressions 


_ Although the above formulas are inadequate when the resistivity 
of the earth material is not uniform throughout, many observers have 
used the apparent resistivities calculated from these expressions to predict 
the presence of and depth to concealed structural changes. Of the earlier 
workers, Gish and Rooney,® using Wenner’s method over a filled-in 


- ravine, found empirically that an abrupt change of slope of the resistivity 


graph, calculated from the simple expression, occurred at a potential 
electrode interval corresponding closely to the depth of the fill. They 
were able thus to outline the former ravine quite satisfactorily. The 
rule suggested by these tests has been found to fit the facts well in some 
cases; in others, there has been disagreement. Hummel’ and others 
by precise theoretical calculations have shown that even for the simple 
case of a uniform upper layer overlying an infinite homogeneous medium 
of different resistivity, the presence of the lower medium influences the 
shape of the resistivity curve for intervals much less than the depth to the 
lower medium, and that no abrupt indications of such a change can be 
expected. The theoretical treatment of the ideal two-layer case is 
discussed later in this paper (p. 95). 


LABORATORY EXAMINATION OF SAMPLES 


Measurements and Findings 


Before field tests were undertaken, the resistivities of specimens of 
formations from a shaft put down the previous winter were measured with 
Wheatstone bridge equipment in the laboratory. Current was passed 
through shaped bars of the materials, or through cylindrical blocks packed 
in sections of glass tubing, pools of mercury which covered the entire 
cross-section providing a fairly uniform current density. The potential 
drops were observed over intermediate portions of the shaped bars by 
means of small probes driven into the specimens; the total resistance 
between the end contacts of the clays packed in glass tubing alone was 
determined. As the two methods gave accordant values in comparative 
tests on selected samples, the contact resistance in the latter method 
appeared to have a negligible effect. Repeated measurements on the 
same materials gave consistent values, the averages of which are shown 
in Table 2. Here, and throughout this paper, all resistivities are expressed 
in ohms per centimeter cube. 

Of the samples studied, the wet lignite was the best conductor, show- 
ing a ratio of 12:1 with the most resistant clay, though more generally 


6Q. H. Gish and W. J. Rooney: Terrestrial Magnetism (1925) 30, 161-188 and 


Phys. Rev. (1925) 25, 254. 
7J. N. Hummel: Trans. A. I. M. E. (1932) 97, 392. 
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was fortunate that the samples had been kept in sealed containers, 


although they had not been secured for resistivity studies. Because of — di 
the small ratios observed, the meagerness of the data and the lack of © 


information from the samples of clay distribution with depth, the utility 


of resistivity methods could not be reasonably predicted. However, as — ; 


the level topography and extensive horizontal lignite beds were favorable 
factors, a brief field test was undertaken. 


PRELIMINARY Frevp Tersts, Aueust, 1930 


Investigations directed by Dr. L. Gilchrist of the Department of 
Physics, University of Toronto, were conducted for eight days at the 
lignite deposit. The full report of this work, prepared by Dr. Gilchrist, 
will appear in a Memoir of the Geological Survey, Department of Mines, 
Canada. A summary of the tests follows: 


Purpose and Measurements of Preliminary Field Tests 


The objects of the preliminary investigations were to determine 
whether resistivity methods would differentiate between barren areas and 
those where lignite existed; whether the observations could be correlated 
to the drilling records and to the laboratory measurements; and to estab- 
lish the procedure essential to more extensive investigations. Resistiv- 
ities were studied by both the central electrode method and the single 
distant probe method at three sites; vzz., drill holes 10, 23 and 29, located 
on the map, Fig. 2. At two unproved sites 400 and 800 ft. west of drill 
hole 10, the single distant probe method was used alone. The readings 
were taken with a Megger (appendix A), and because of the dangers of 
insulation leakage due to rainy weather, and of the limitations of the 
Megger on very small readings, the measurements were checked at times 
by potentiometer, milliammeter and commutator equipment (appendix 
B) in a manner similar to the scheme used by Rooney? and others.® 


Findings and Conclusions, Pretiminary Field Tests 


The drill-hole records, included in Fig. 6, reveal lignite seams 58 ft. 
thick with overburden of 74 ft., and lignite 36 ft. thick with overburden 
of 61 ft., at drill holes 29 and 10 respectively. At these points, and at the 
two unproved sites, there was a rapid decrease in resistivity at depths 
corresponding closely to the overburden thickness; in fact, the rate of 
decrease approached abruptness. 


’W. J. Rooney: Terrestrial Magnetism and Atmospheric Electricity (1927) 32, 
100-102. 
* A. B. Broughton Edge and T. H. Laby: Principles and Practice of Geophysical 
Prospecting, 25-26. Cambridge Univ. Press, 1931. 
Ibid., 31-42. 
Ibid., 248-250. 


a ratio of about 3:1. As this ratio depended on the moisture content, it 
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At drill hole 23, where lignite was absent, the results were pronouncedly 
different. Although Cretaceous clay bearing lignite fragments occurred 
below a depth of 105 ft., the resistivity values remained at about 
10,000 ohms per cm. cube to a depth of 150 ft., followed by gradual 
decrease to 7000 ohms per cm. cube, a value twice as large as the minimum 
at depth found at the other points. 

For potential intervals out to 300 ft. from the center, adequate for 
the depths involved, the single distant probe method, with the current 
electrodes 800 ft. apart, gave practically the same values as the central 
electrode method with the outer electrodes at any distance greater than 
500 ft. For further studies, the application of the single distant probe ~ 
method, with a current electrode interval of 800 ft., appeared justifiable. 

These preliminary findings warranted a number of tentative 
conclusions: 

1. Fairly abrupt decreases in resistivity values at potential electrode 
intervals corresponding closely to the overburden thickness might be 
correlated with the better conductivity of lignite compared with the 
associated clays. No such marked decrease was observed where the 
lignite was absent. 

2. The overburden thickness could be fairly accurately estimated by 
accepting the above correlation at the points investigated. 

3. As the abrupt changes in the resistivities observed were not to be 
expected from the theoretical investigations of Hummel (ref. 7) and 
others, it appeared that conditions in the earth, other than those existing 
in simple continuous conductors, gave rise to marked distortions of the 
normal potential distribution. 

Although the tests definitely supported the tentative conclusion that 
resistivity methods were applicable to the existing problems, further 
work was essential to establish the degree of generality of these findings. 


Firtp Survey, SEPTEMBER, 1930 


The writer and three assistants were detailed for a further month’s 
survey to determine whether the difference between resistivity conditions 
found at good and barren sites existed generally, and whether the Megger 
with the other portable equipment required for the single distant probe 
method could help the geologists in selecting sites for drilling. 


Preliminary Tests at Drill Hole 


A fairly extensive series of measurements at drill hole 7 was under- 
taken to determine the most satisfactory procedure for an extended 
survey. Readings were taken with a Megger and checked by a poten- 
tiometer (appendix C); with the latter, average readings with direct 
current in reversed directions were necessary, as a commutator was not 
available. Copper stakes 3 ft. long and 14 in. in diameter were used as 
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electrodes, instead of porous pots; they were easier to place, had much 
— lower contact resistance, and required little care. Their use with direct 
current is generally not feasible, but for resistances greater than 0.5 ohm 
_ they proved satisfactory; for smaller resistances, polarization effects 
prevented their use. . 
As the available range of the potentiometer without shunts was E 
- 100 mv., natural earth potentials of greater magnitude over some inter- 
vals rendered the instrument rather inadequate for rapid work. These 
natural potentials were random surface effects due to the electrolytic 
character of the water-saturated muskeg, and were quite unrelated to 
underlying formations. 


Extent of Further Tests 


i After the work at drill hole 7 was completed, measurements were 
made by the single distant probe method at 14 other drill holes. These 
sites were selected because a ready comparison of resistivities with local 
structure could be obtained, and because they included a range of under- 
ground conditions fairly representative of the known deposit. At each 
drill hole, the current electrodes were placed 800 ft. apart and Megger 
readings were taken of interbowl resistances out to 300 ft. from the drill 
hole and generally in four azimuths at 90° intervals. Time and facilities 
did not permit checking with the potentiometer. 


Typical Record and Graphic Presentation of Data 


In Table 3 the field data obtained at one of the sites, drill hole 48, 
are shown, with resistivities calculated from the expression given on 


RESISTIVITY = 100 


40 60 120 160 200 240 
MEAN INTERBOWL RADIUS (2+b)(Fect) 


Fic. 3.—SyMMETRY OF RESISTIVITY DISTRIBUTION, CENTER AT DRILL HOLE 48. 


page 4, and corrected for electrode penetration as described in appendix 
G. Besides the interbowl resistances for each interval, the electrode 
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contact resistances are recorded (appendix A). In Fig. 3, the res stiv 
of Table 3 are plotted as ordinates with the corresponding average in 
: a+b 
bowl radii ( £ 


four directions were nearly identical. Since practically equal symmetry 
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was found at all test sites, only the average values from the four azimuths 
are presented hereafter. : 

On account of the amount of data obtained, the average resistivity 
values at each site have been shown graphically only in Figs. 4 and 5, 
following the scheme of Fig. 3. The curves have been divided, for con- 
venience, into two groups, depending on whether the lignite thickness 
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was less or greater than 10 ft. The graphs of the tests previously made 


at drill holes 10, 23 and 29 are included, and for handy reference the over- 
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burden and seam thickness for each location are shown. In Fig. 6 the 
drill-hole records for all the sites are shown schematically. 


Methods of Interpreting Resistivity Curves 


Essentially, three methods of interpretation existed, viz: 
1. The strictly empirical method—in which possible characteristic 
differences in the resistivity curves from favorable areas compared to 
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geneous media. 


ge of slope of the graph was taken to 


indicate a marked change in resistivity of the underground at a depth 


corresponding roughly to the mean radius of the interbowl section con- 


cerned. Where the correspondence was inexact, drill-hole records might 
permit a factor to be deduced for estimating depths at unproved locations. 


In the papers of other workers,!° various factors had been suggested. 


10A.8. Eve and D A. Keys: Geol. Survey, Dept. of Mines, Canada, Mem. 165 


(1931) 111. 
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3. The theoretical method—in which the observed data were com- 


pared with those calculated from the theoretical potential distribution in 


non-homogeneous media. With certain fundamental assumptions, such 


workers as Hummel,!! Weaver,'? Peters and Bardeen,!* Roman,** Ehren- 


burg and Watson, and others had calculated the theoretical surface 
potential distribution about point current sources for various simple 
conditions of the underground, and particularly for the case of homo- 
geneous horizontal strata of different resistivities. For cases of more than 
two layers the numerical calculations became very involved, and to avoid 
complex functions, simplifying approximations had to be used. The 
inverse problem of fitting a theoretical solution to observed resistivity 
values rarely could be solved uniquely. 


Adequacy of Drilling Records 


It might be argued that drill-hole records should not be used to check 
the conclusions from resistivity measurements, because a drill hole might 
not give a true picture of the entire volume of earth defining the potential 
distribution. In the locality of drill hole 29, mining operations showed 
that the lignite seams were quite flat, continuous, and uniformly thick, 
but similar conditions were not known to apply to the clay formations. 
On the contrary, study of the records of adjacent drill holes and findings 
from resistivity and gravitational investigations along a traverse indicated 
that decided changes in the character of the overburden might occur in 
short distances. This consideration limited the extent to which resistiv- 
ity curves and drilling records could be correlated fully. 


Discussion of Resistivity Curves 


The two groups of graphs, Figs. 4 and 5, revealed no characteristic 
difference between the vertical resistivity distributions at barren and 
good areas upon which a successful empirical interpretation might be 
based. Although a general inspection suggested that except for the 
curves of drill holes 7, 9, 37, 47 and 49, the resistivities at depth tended 
to lower values at good holes than at barren ones, yet from later evidence 
it would appear that any delineation of lignite from the associated clay 
by this means was a chance coincidence for the sites chosen, and not due 
to consistent resistivity ratios throughout. Although the resistivities 
at all the points were of the same order of magnitude, considerable varia- 
tions occurred within the range for the overburden. These irregularities 


11 Reference of footnote 7. 

12, W. Weaver: Trans. A. I. M. E. (1929) 81, 68-83; Amer. Math. Monthly (1930) 
87, 165-181. 

13], J. Peters and J. Bardeen: Univ. of Wisconsin Bull. Ser. 71 (1930). 

14], Roman: U.S. Bur. Mines Tech. Paper 502 (1931). 

15D. O. Ehrenburg and R. J. Watson: Trans. A. I. M. E. (1932) 97, 423-438. 
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ratios of 


rendered empirical analysis untrustworthy in view of the small ratios 
resistivities of lignite and clay. As the information was inadequate for 
accurate theoretical solutions for each point, the only basis of analysis : 
possible was a semi-empirical interpretation guided by all available 
geological evidence and past experience. oe ane 
When the average interbowl radius for which the resistivities began 
to show a persistent decrease was adopted as the probable depth to a 
better conductor, the overburden thickness for the sites of group II was 
determined to within 10 ft. at drill holes 6, 9, 29, 33, 48, 58, 70 and 72; 
whereas the estimate was in error by more than 10 ft. for drill holes 10, 
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Fia. 7.—CoMPARISON OF RESISTIVITIES AT ONE LOCALITY (SINGLE DISTANT ELECTRODE 
witH Maar). 

37 and 42. This consideration would be useful only if the presence or 

absence of lignite could be reliably predicted. There was no significant 

feature in any of the data to estimate the thickness of the lignite, or to 

reveal the presence of clay partings where these existed. 

Although the area was extremely flat, the surface layers were drained 
better at drill holes 6, 7, 8, 19, 23, 29 and 33 than at the other points. 
No apparent relation existed between these conditions and the observed 
resistivities, although the almost uniform values found at drill holes 
42, 58 and 70 suggested an averaging effect due to stagnant waters satur- 
ating the formations. It was improbable that the resistivities at any 
site were altered by drilling operations. A change could result only 
through the transfer of considerable water between the drill hole and 


adjacent clays, but no such effect was observed during the drilling at 
any point. 
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Data of Conflicting Character 
In Fig. 7 the resistivities were compared at four sites in one locality 


of the area with similar drainage conditions. The decided difference 


between the graphs of drill holes 46, 47 and 49, all practically barren 
sites, showed that successful correlation of the resistivity curves with the 
drilling records could not be made. The semi-empirical analysis of the 
curves of drill hole 47 suggested an extensive better conductor at a depth 
of about 80 ft., whereas only 5 ft. of lignite was found at 109 ft. Further, 
a close similarity in resistivity conditions was indicated at drill holes 48 
and 49, despite the marked differences in the drill records. 


Check on Observations 


Measurements were repeated during this survey along one line at 
drill hole 10, formerly used for resistance determinations, to find out 
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Fig. 8.—RESISTIVITIES FROM NORTH LINE, DRILL HOLE 10, ON SUCCESSIVE SURVEYS 
WITH SAME MEGGER. 


whether any differences existed due to errors of instruments or technique. 
In Fig. 8 the agreement of results for the two dates was satisfactory, when 
allowance was made for differences due to new potential electrode posi- 
tions, and for normal errors of observation. 


General Conclusions from Field Survey 


1. This survey showed emphatically that extensive field work was 
necessary to determine the applicability of resistivity methods to a wide- 
spread area. Although at some locations the resistivity curves empirically 
gave the overburden thickness quite accurately, the single distant probe 
method failed to reveal the lignite distribution consistently. Theinterpre- 
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2. The sriventigatiGne confirmed the aun pias wesntaitel structt 
revealed by drilling, although the data could not be correlated with 
variations in every case. Pe. 3 
3. Where resistivity magnitudes and ratios were so ‘small, equipment 
to check Megger readings was essential. 2 
4. Further tests in the area were needed to determine whether ate 
resistivity methods with equipment capable of more precision would give ~ 
better results. It was desirable to establish whether the variations 
in overburden and in underground saline waters caused the inconsistent 
values, and whether the theory of the methods, as applied to simple con- 
ditions, was adequate to deal with the structures existing. 
5. Other geophysical methods should receive a field test. 


WINTER MEASUREMENTS 


The writer and members of the geological staff at the deposit made 
further field measurements in November and December, 1930, to deter- 
mine the actual resistivities of various formations zn situ, by small-scale 
studies during the sinking of a shaft; to study the effect of the winter 
freeze-up on surface resistivity values, and to obtain the density of the 
clays and of lignite in order to estimate the feasibility of gravita- 
tional methods. 


Shaft Measurements 


The data from shaft studies are presented later (p. 106) along with 
the data obtained subsequently in the mine drifts. The density values 
obtained during this period and later have been recorded by A. H. Miller, 
of the Dominion Observatory, Ottawa, with the findings from gravita- 
tional investigations. 

Surface Measurements 


Effect of Freeze-up.—The resistance values over a series of surface 
intervals were observed before the winter freeze-up and after several 
days of severe weather had frozen the electrodes in the ground. No 
appreciable change occurred except for unimportant effects on intervals 
within 20 ft. of the center. Freezing increased the contact resistances by 
about 50 ohms per electrode. Other workers® have shown that rainfall 
does not affect resistivity conditions at depth. This study has shown that 
satisfactory measurements can be made on frozen ground if other condi- 
tions permit. 

Previous Sites Restudied—When the foregoing had been established, 
Megger readings were repeated at drill holes 9 and 42 along the same 


16 A. 8. Eve and D. A. Keys: Geol. Survey, Dept: of Mines, Canada, Mem. 165 
(1931) 110. 
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azimuths studied in the September survey. Confidence in the relative 
accuracy of all the earlier measurements was established by good agree- 
_ ment with the previous values. — 
Observations at New Sites—Readings were taken (in two azimuths 
only) at three sites of special interest, using the single distant probe 
method and a Megger. At drill hole 76, deep boulder clay (Fig. 6) 
was believed to mark the course of a pre-glacial river. Stations X and 
Y were selected west of drill hole 76 (Fig. 2) in a region where drilling had 
not yet been done. Station X was about 1800 ft. from the Mattagami 
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Fic. 9.—FREsISTIVITY AT SITES X AND Y AND DRILL HOLE 76 (SINGLE DISTANT ELEC- 
TRODE AT 800 FT., MEGGER ONLY, IN WINTER). 


River, in a well timbered, swampy area; station Y was 250 ft. from the 
river, on an old flood plain about 20 ft. lower than station X, but 30 ft. 
above present river level. From the graphs of Fig. 9 it was con- 
cluded that: 

1. Since the resistivities at drill hole 76 were quite uniform with 
depth, and of small value not characteristic of boulder clay, the structural 
conditions were probably masked by saturating water. 

2. At station Y, good drainage conditions and erosion of the better 
conducting marine clay caused the highest resistivities observed at 
4 the deposit. 

3. At station X, resistivity increased slightly with depth and tended 
. toward the same limit as that at station Y. Although at the latter point 
4 the decreasing resistivities at depth might have been attributed to lignite, 
if a greater concentration of conducting water was believed to be respon- 
| sible. The results from the two sites taken together warranted the 
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prediction of a barren area. Subsequent drilling at sa ed 
this conclusion. r Leer 


= 


Conclusions from Winter Work 


The effect of the winter freeze-up on surface resistivity observations _ 
in depth investigations was shown to be negligible; the accuracy of pre- 
vious measurements was established; and additional data served to 
emphasize the complexity of resistivity conditions. 


LABORATORY PREPARATIONS 


During the winter of 1931, preparations were made for more adequate 
investigations. The utility of any geophysical measurement is restricted 
by the limited precision of the observations, but more seriously by the 
difficulties of correlation of the data to actual subsurface conditions. To 
increase precision, the improvement of existing instruments and the 
design of verifying equipment was undertaken. For a more powerful 
method of analysis of data, a further study of the basic theory of resistiv- 
ity methods was begun. 


Instruments and Apparatus 


Megger Earth Tester—Because of the portability and convenience 
of the Megger, modifications of the instrument to insure accuracy over 
the range 0.01 to 0.5 ohm were very desirable. In appendix A the find- 
ings from tests of the behavior of a Megger under defined conditions have 
been given, and precautions to be observed in using the instrument have 
_ been mentioned. 

Deflection Potentiometer—The component parts of a potentiometer- 
milliammeter circuit with a commutator to provide alternating current 
have been described in appendix D. This instrument was named a 
“deflection potentiometer.” It possessed a working range up to 2 volts, 
required no standard cell or periodic standardization, and its use was not 
restricted to temperatures above freezing. 

Behavior of Deflection Potentiometer—With both steady and com- 
mutated current, series of voltage/current ratios for various applied 
potentials were obtained in the laboratory with non-inductive resistances 
of the range of values found in field practice. With commutated current 
the true resistances were about 92 per cent of the observed ratios, within 
the limits of instrumental error. This effect was to be expected, as the 
millivoltmeter measured the peak voltage, whereas the milliammeter 
measured the time average of the current, which was less than the value 
of the steady current because of the gaps in the commutator. With 
steady current, the readings of the deflection potentiometer agreed well 


with those obtained by the Cambridge potentiometer (appendix C) over 
its range. 
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Theoretical Considerations 


The theoretical distribution of potential in a number of uniform homo- 


- geneous horizontal strata of different conductivities, and the resultant 


resistivity values obtained by surface measurements, have been dealt with 
by Weaver, Hummel, Roman, Peters and Bardeen, Ehrenburg and Wat- 
son,” and others. With the conditions governing potential distribution 
about point sources at the surface of semi-infinite conductors, for the 
case of a uniform upper layer underlain by an infinite lower medium, 
the apparent resistivity p. observed by Wenner’s method is related to the 
resistivity pi of the upper stratum by the relation 


Pa/p1 =] + 4F. 


Peal terest (ieee dried terry ile Pons 
= 2 rw vA. EEN 
where F > ha (202) Ne - (20) 
n=1 a a 
and K has the value 
p2 — Pi 
pot pi 
p2 = resistivity of the lower medium. 


h = thickness of the upper stratum. 
a = Wenner potential electrode interval. 


The value of p; may be experimentally observed by using smallintervals. 
K may take any value between +1 and —1; for negative K’s, the 
values of p./p: all lie between 0 and 1; similarly, for positive values (7. @., 


a poorer conductor at depth), the same limits exist for the ratios (where 
1 


o signifies conductivity). For convenient application to observed data 
it is most useful to plot a series of curves for different K values, with 
the calculated ratios of pa/p: for negative K’s and of o./01 for positive 
K’s as ordinates, and the corresponding h/a ratios as abscissas. 

The series for F is rapidly convergent for all K values between +0.1 
and +0.9, a range that includes almost all conditions usually met in 
practice. The writer has prepared graphs for all values of K in this 
range differing by multiples of 0.1, for h/a values from 0.2 to 2.0 with 
intervals of 0.2. For values of K not an integral multiple of 0.1, the 
corresponding pa/pi (or oa/o1) ratio may be obtained with sufficient accu- 
racy by linear interpolation from the graphs. 

‘A more extended treatment of these considerations has been presented 
by G. F. Tagg.'® Their use in determining the depth to a discontinuity 


17 References of footnotes 12, 7, 14, 18, 15 respectively. 
18 G. F. Tagg: Min. Mag. (June, July, Sept., 1930). 
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at two locations has been described by the same work« 
results agreed with geological conditions, confirmatory dr 
were not available for verifying the reliability of the analysis. 
Even though the resistivity data from the lignite deposit sug: 
that the structure might approximate to a three-layer case at place 
general a considerable gradation of values probably existed. For ca 
of more than two layers the mathematical calculations of theoreti 
solutions became tedious and involved, and the difficulties in obtaining a — 
unique solution were great. o-9 


Bircu Curr TEsts 

Before further resistivity investigations were undertaken at the 
lignite deposit, some field tests were conducted at a site convenient to the 
laboratory, to establish the reliability of the deflection potentiometer in 
field service; to study data by Wenner’s method where the structure 
approximated closely to an ideal two-layer type, to which the analysis 
proposed by Tagg might be applied; and to compare resistivity values 
obtained by the various methods (pp. 80 and 81) over the same ground. 


Site Selected 


A vacant lot of approximately 600 ft. frontage and 2000 ft. depth, 
located 14 mile from the shore of Lake Ontario at Birch Cliff, in the 
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Fie. 10.—Rusistiviry at points A AND B, Brrcw Curr (MEGGER ONLY). 
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eastern outskirts of Toronto, was selected. At the lake shore, opposite 
this lot, cliffs of sand underlain by sedimentary clays, known as Searboro 
Bluffs, rise sharply to a height of about 100 ft. from the water level, and 
present a fairly homogeneous appearance. At a depth of about 30 ft. 
below water level, bedded shales dipping slightly toward the lake are 


” G. F. Tagg: Proc. Phys. Soc. (1931) 48, Pt. 3. 
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wn to begin. It seemed probable that inland 14 mile similar structure 

would be found, although the only records available were confined to 
the shallow depths reached in laying water pipes on adjacent streets. 
For the resistivity studies it was hoped that the shale horizon was a 
boundary between uniform layers of different conductivity. 


Test Measurements 


Point A.—To ascertain the general resistivity conditions, preliminary 
readings were taken with the Megger. The first site was selected centrally 
on a bed of gravel of undetermined thickness covered thinly with stony 

‘humus of almost level surface. This bed crossed the lot, extending north- 
ward from the southern boundary for about 700 ft. In Fig. 10 is shown 
a comparison of measurements made by the central electrode method, and 
Wenner’s method supplemented by Lee’s partitioning method. As the 
resistivity curves clearly indicated that simple two-layer structure did 
not exist here, a location with less complex conditions was sought. 


TasiE 4.—Data from Point B of Proving Grounds 


Apparent Resistivity 


Electrode Interval, Ft. Apparent Resistivity, 


Ohms per Cm. Cube, pa 
Resistivity of 5 Ft. Interval 
5 50,300 130 
10 44,700 0.894 
15 35,800 0.716 
20 30,200 0.604 
25 24,200 0.484 
30 20,000 0.40 
35 16,600 0.332 
40 14,600 0.292 
50 11,200 0.224 
60 10,200 0.204 
70 9,400 0.188 
ee a ea 


TaB.E 5.—Data from Theoretical Graphs to Deduce Depth of Upper Stratum 


h, Ft. 

a 10 15 20 25 30 35 40 50 60 70 

K 
—0.1 4.7 

0/2)" 891" 3.9 

03010 O74 £58 

fet wht 050,200 Lo Oe 

Gi FT 11.0 1t.2-710.1 8.2 

Gaegleis foots 3) 1371 h1216" 12.1) 1075" °9.3 

0.7 14.6 13.4 14.4 14.2 14.5 14.4 14.3 12iie Lan 

0.8 15.4 14.4 15.6 15.8 16.4 16.9 17.7 18.5 20.6 22.3 
0.9 16.1. 15.2 16.6 17.2 18.1 18.9 20.1 21.8 24.6 27.6 


98 APPLICATION OF RESISTIVITY METHODS TO N 


Point B.—At this site, 600 ft. north of point A, the 
sandy humus, free from stones, fairly level, and about 10 ft. lowe 
the surface of the gravel bed about point A. Included in Fig. 10 is the 
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Fig. 11.—Resistivity at point B, Brac Cuirr. 


curve of resistivities obtained by Wenner’s method along one line about 
this point as center, with the Megger alone for the measurements. The 
latter graph is much simpler, suggesting a fairly uniform medium begin- 
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ning at shallow depths. Although the resistivity of the surface layers 
was nearly the same at both sites, the underground conditions must have 
been quite different. In Fig. 11 a comparison is made between the 
resistivities at this site calculated from data of Wenner’s method obtained 
in one case by a Megger and in the other by the deflection potentiometer. 
The resistivity conditions revealed by the central electrode method about 
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this same point, using a Megger alone, are also shown. In Fig. 12, the 
result of supplementing Wenner’s method by Lee’s partitioning is revealed. 
ss“ Pheoretical Analysis at Point B.—It was of interest to apply the analy- 
sis suggested by Tagg (ref. 19) for an ideal two-layer case, to estimate the 
depth to the better conductor. The values of p./p: given in Table 4 were 

; obtained, when the average value for the 5-ft. Wenner interval was 
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Fig. 13.—CoMPaARISON OF AUGER TEST-HOLE DATA AND WENNER DATA. 


adopted as the resistivity of the upper layer. The data of Table 5 were 
read off the calculated graphs discussed on page 95. For K = —0.7, the 
deduced values of h are most nearly constant; i. e., independent of the 
electrode interval. For the intervals 10 to 40 ft., the average value was 
14.3 ft. The calculated value of p2 was approximately 9000 ohms per 
em. cube, in accord with the average observed value for long intervals. 
In Fig. 11 the close agreement is revealed of the observed graph with the 
theoretically calculated ideal case for pi = 50,000 ohms per cm. cube. 
p2 = 9000 ohms per cm. cube, and h = 14.3 feet. 


depth alone was indicated, a dbtailéek wine was omeey of the nei onc 


in glass jars for laboratory study. At a depth of 20 ft. water coming 
into the hole precluded further sampling. 


Fig. 13 presents a description of the soil composition, with the asso- 


ciated resistivity and water content of each foot, and the Wenner field 
data. Almost identical conditions were found at a second test hole 100 ft. 
distant. The resistivities of the individual soil samples were measured 
in a simple conductivity cell constructed for the purpose (appendix E). 
For the entire series the deflection potentiometer was employed, with a 
standard dry cell as current source. Repacked and duplicate samples of 
the same soil gave values agreeing to within 5 per cent. The current that 
leaked through the empty cell was negligible even when the surface was 
wet from repeated use. 


Discussion of Birch Cliff Tests 


Point A.—F¥or intervals out to 60 ft. Wenner’s method and the central 
electrode method gave resistivity values with quite similar trends; for 
further intervals out to 150 ft., the Wenner values appeared to be affected 
by better conductivity at depth. Beyond 150 ft. the data of the central 
electrode method were influenced by the nearness of the outer current 
electrodes, in this case only 300 ft. from the center; disregard of this in 
calculations gave too large observed resistivities. Although minor varia- 
tions revealed by the central electrode method were largely averaged out 
in Wenner’s method, readings from several azimuths by the former 
method, when reasonably comparable, gave smoother average values 
than those shown. If irregularities in the shorter intervals are inter- 
pretable as shallow structural changes, without masking more deep-seated 
effects, their detection is advantageous; in other cases, the greater averag- 
ing of shallow variations by Wenner’s method appears desirable. 

A general semi-empirical interpretation of the data suggested that 
surface soil of fair conductivity was underlain by a more resistant gravel 
bed, in turn succeeded by better conducting material. When the con- 
tribution of the upper layers became comparatively small over long 
intervals, the resistivity at depth tended to the corresponding values at 
point B. As it was not clear what average resistivity might be assigned 
to the upper layer, efforts to analyze the Wenner data as a two-layer case 
were not fruitful. The central electrode data revealed a definite resistiv- 
ity decrease for an interbowl interval of about 75 ft., empirically suggest- 
ing a better conductor at about this depth. This estimate is not in 
disagreement with that obtainable from the Wenner data, when curves 


to determine how closely the above deductions fitted the facts. A test 
hole was driven by means of a 5-in. scoop-type hand auger and representa- Ee 
tive samples of the soil from each foot of depth were immediately sealed — 
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calculated with the general conditions outlined are compared with 
the observed. 

Point B—(a) In Fig. 11 the comparison of data yielded by the Megger 
and the deflection potentiometer established the essential agreement of 
the two measuring devices. The graph from the deflection potentiometer 
readings was slightly smoother, suggesting greater relative precision than 
the Megger provided, though the gain was of no practical importance in 
this study. 

(b) The semi-empirical interpretation of the single distant probe 
curves suggested a depth of between 15 and 20 ft. to a better conductor, 
as compared with an estimate of 14.3 ft. obtained by analyzing the 
Wenner data in the way defined by Tagg. These methods gave closely 
corresponding results. For the longer intervals the predominating effect 
of the lower medium made the two graphs practically coincide. 

(c) From the individual values for the upper 5 ft. of soil given in 
Fig. 13, considerable variation in resistivity of the immediate surface 
layers was expected. A series of 15 contiguous 2.5-ft. Wenner intervals 
gave corrected values of resistances ranging from 45.2 ohms to 79.8 ohms, 
the average being 57.4 ohms, which corresponds to a resistivity of, roughly, 
46,200 ohms per cm. cube; the resistivity of the 5-ft. Wenner interval 
used previously to calculate the layer depth was but little different 
from this. 

(d) Conductivity Cell Studies.—The resistivities of samples taken from 
the auger hole between the depths of 5 and 10 ft. decreased almost uni- 
formly with depth to about 10,000 ohms per cm. cube, a value that was 
characteristic of all samples from 10 to 20 ft. The surface measurements 
showed that this almost constant value for the lower medium persisted 
to the maximum depth studied. There was no evidence of a change at a 
shale horizon if such existed. Unfortunately, the dimensions of the lot 
prevented measurements over intervals greater than 200 ft., if the risk 
of disturbances by water pipes and other factors was to be avoided. 

At the second test hole the uniform lower medium was found at 
between 8 and 9 ft.; the approximate depth was evidently about 10 ft. 
The analysis as a two-layer structure (p. 22) gave a depth indication of 
about 14 ft., and the empirical estimate from single distant electrode data 
was slightly more. It is not believed that variations in ground level and 
in depth to the uniform conductor were sufficient to account for even this 
small difference; however, the upper layer was too shallow to permit a 
fair, adequate test of Tagg’s method of analysis, as surface variations were 
of undue significance compared to the usual problem. 

The gradation of resistivities near the surface observed by the Wenner 
scheme agreed closely with those calculated for the simple case (Fig. 11). 
Referring to Table 5, values of h were nearly constant also for K = —0.5, 
—(0.6 and —0.8, but these gave values of 16,700, 12,500, and 5.600 ohms 


per cm. cube respectively, none of which fitted the experimental case 
nearly as well as the solution adopted. As other workers” have sug- 
gested, it is necessary to apply some empirical factor to the mean electrode 
interval, its value depending upon the particular conditions, in order to 
obtain an accurate depth estimate for any structures not extremely simple. 

Since the test-hole data showed that the resistivities of all samples 
below 10 ft. depth were practically the same as the apparent resistivity 
by Wenner’s method for potential electrode intervals beyond 50 ft., it 
was unlikely that a significant change in the resistivity of the underground 
occurred at about 50 ft. depth, to correspond to the greater curvature 
of the graph at the 50-ft. interval. In the light of these tests, correlation 
between such inflections and resistivity differences at a depth equal to 
the electrode interval, as proposed by Broughton Edge and Laby,”! 
and by numerous other workers, must be questioned. 

_ The close relation between the conductivity of the samples and their 
water content was of interest. The water content in situ of the five 
lowest. samples was probably less than the values recorded. The water 
coming into the test holes from the 18-ft. level onward had a resistivity 
of about 2700 ohms per cm. cube. 

(e) The study of such shallow layers was of interest because the find- 
ings were a guide to the interpretation of resistivity data associated with 
more deep-seated discontinuities. Extension would be applicable to 
cases where the dimensions of all features, including overburden irregu- 
larities, were proportionately magnified. 


Discussion of Lee’s Partitioning Method 


With the relative symmetry existing about point B, the partitioning 
scheme advocated by Lee added little further information to that from 
other methods; with conditions less symmetrical, good judgment is 
required to interpret differences in the two parts of the field, because the 
simple formula for average resistivity may be quite inadequate. The 
method may be regarded as a rough guide only, to indicate lack of sym- 
metry in complex cases. However, the partitioning provides a useful 
check on observed Wenner data, as the separate resistances of the two 
halves must add up to the total resistance of the Wenner interval. With 
the Megger, these sums would check and still be in error only if the instru- 
ment were yielding the same fraction of the true resistance for all parts 
of the scale, a behavior unlikely to occur for long without being detected. 

Little can be stated from this work with regard to the empirical depth 
estimates by the Lee method obtained by Swartz (ref. 5) in small-scale 
measurements on artificial beds. Swartz found that the depth to a layer 
of different resistivity was equal to the Wenner interval for which an 


20 Reference of footnote 10. 
21 Reference of footnote 9. 
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abrupt change of slope of the resistivity graph occurred, measured beneath 


the current stake in the half of the field overlying the structure change. 


This rule was obtained empirically with Lee’s method for cases where 
irregularities in the topography would make differences in the elevations 
of the electrodes being used. In Fig. 12, the data were not in disagree- 
ment with this rule, as the most abrupt change occurred between the 
5 and 10-ft. intervals; more detailed intervals might have fixed this point 
more closely. On the other hand, the rather abrupt curvature change 
at about the 50-ft. interval (previously mentioned) could not be explained 
satisfactorily on this basis. 


Conclusions from Birch Cliff Tests 


To sum up, the results of the Birch Cliff tests were: 

1. The deflection potentiometer proved satisfactory in field service. 

2. The data from point A showed that the structure there was rather 
complex and difficult to describe from resistivity measurements alone.. 

3. At point B, the data indicated a fairly simple two-layer structure 
which a calculated curve fitted very closely. A test hole yielded valuable 
detailed information, revealing irregular surface layer conditions over a 
fairly homogeneous lower medium. Tagg’s method of analysis yielded 
only an approximate depth indication; the upper layer was too shallow 
for an adequate test. 

4. The measurements by several electrode arrangements gave similar 
results. Empirical estimates of depth of structural changes from abrupt 
changes of slope of resistivity graphs could not be made reliably in all cases. 


Fretp Work, OnakawaNna, 1931 


The ratios of densities of the various clays secured from a shaft at 
the Onakawana lignite deposit to that of lignite justified a test of gravita- 
tional methods to outline the lignite seams. The torsion balance investi- 
gation referred to in the introduction was undertaken in August, 1931. 
At the same time, the writer and a field assistant made a number of 
studies to determine the actual resistivities in situ in the mine workings, 
of the lignite and Cretaceous clay; to establish the characteristics of 
underground waters, and to compare different methods of surface measure- 
ments using the deflection potentiometer to check the Megger. 


Shaft and Underground Drifts 


In addition to the results of studies in the mine workings, the data 
obtained from the small-scale resistivity measurements on the various © 
clays in situ during the shaft sinking toward the end of 1930 have been 
included here (see p. 92). 

Technique.—In the shaft, a freshly exposed clay surface at the working 
level was smoothed off. The excess water which gradually accumulated 
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copper sere arivent in wre more ‘hath 33 in., were used ¢ as ele 
the measurements, the Megger was carried down the shaft to 
concerned; under appendix A, comment has been made to subseqt 
erratic behavior ‘of this idiot’: probably caused by the cup Osa 
excess moisture. ; 

In the underground drifts, measurements were necessarily made on the — 
exposed side walls, freshly smoothed off at the selected points. The 
underground electrodes were connected to a Megger at the surface by 
the heavily insulated conductor used for surface studies (appendix F), 
carried down the shaft and along the drifts as required. 


TaBLE 6.—Comparison of Data by Two Methods in Small-scale . 
Measurements at Shaft 


a=1Ft; b= 24 Ft. >. 


Interbowl Resistivity, Ohms 


: Diff 
sah ss Resistance, Ohms per Cm. Cube. between CB. 
—o cE« | SDE | CE S.D.E Per Cent 
Marine Cray at 4-rt. LEVEL 
INOTEO A atineieere 490 i1S 10.9 3,600 3,470 3.8 
1 DSY| a eA 510 Peal 11.25 3,850 3,580 led 
SOUth ewe ee ae 500 1s) LO 3,920 3,660 V1 
Wiestrrns sehen a tiene 500 he rT .O 3,720 3,500 6.3 : 
Averages......... 11.85 11.16 3,770 3,550 6.2 R 
i 
BounpEerR Cuay at 17%-rr. Levei 
INOriae a eee 1,070 Sono 2.0 10,660 8,780 21.4 ‘ 
TSSteeeen tee eter ee 1,080 oo 27.8 10,500 8,850 18.6 7 
South: <u Ries 2. 1,060 27.0 QBu5 8,600 7,430 2 15ST 
Westra casita 1,050 29.6 25.1 9,420 7,990 17.9 
Averages......... 30.75 ~| 26.0 9,800 | 8,280 18.4 ‘ 


* Central electrode method. 
» Single distant electrode method. 


Data from Shaft 


Readings were not obtained above the 1714-ft. level, as the shaft 
was down this distance with side walls lagged in, when the writer reached 
the field. In measurements, two methods to provide comparative checks 
were tried. Fig. 14 shows the arrangements. In one case, a distant 
single probe was located on the surface at a considerable distance from 
the shaft head, with potential electrode intervals 1 to 214 ft. about the 
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ne r Diets Be eeda which was placed in the center of the bottom of 

the shaft; in the other, the same potential intervals were used, but with 
an outer ring of 16 current electrodes arranged at 22.5° intervals about a 

-cirele of 314-ft. radius, which constituted the outer electrode of a modified 
central electrode method. 


a a oh ais 


Fig. 14—ELECTRODE ARRANGEMENTS USED IN RESISTIVITY MEASUREMENTS IN SHAFT. 


Resistances were first measured on an area of marine clay which had 
been exposed near the shaft head. In Table 6 these data, and the corre- 
sponding data from the boulder clay at the 17}4-ft. level in the shaft, have 
been given. For the latter, the outer ring of current electrodes of the 
central electrode method were restricted by the shaft dimensions to a 
circle of 3-ft. radius. As the central electrode values were uncorrected 
for the nearness of the outer current electrodes, the agreement was satis- 
- factory; when arranged on the smaller circle, the influence of the outer 
electrodes was greater by about the amount expected theoretically. 

In Table 7 are given the average values obtained down to the 23-ft. 


level by the single distant probe method. 
Data from Drifts 


: Resistivity measurements were made on the side walls of both upper 
and lower seams of lignite by the single distant probe method and Wen- 

: ner’s method. The woody material of the lower seam gave values almost 
identical with those of the earthy material of the upper seam. Table & 
shows a typical set of values from one point. 


TaBLe 7.—Resistivity vate by Small-scale M. ssi at sce 8 i e 


Levels in the Shaft 


IWMiarinesclayeee otc ce ors & see ete oars etree etc hea ey Se eet ge ere 4 3,550 


Boulder clay, side wallitiies 3of. wu. oiate eevee © or alel eleuenonaearera 14 9,980 
Bouldermclay,,igrayien tees accutane tected beet ott et eee Wee) 8,280 
Boulderelay,. browil sesh |i tee iene eee 20 7,720 
Bouldervelay, gtay, Sandye =<. eee eta eee eae 23 15,700 
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Taste 8.—Typical Resistivity Data Obtained on Lignite of Lower Seam 
by Small-scale Measurements in Underground Drifts 


Stake Resistance, Ohms | Interbowl Resistance, Ohms | Resistivity, Ohms per Cm. Cube 
§.D.E.¢ | Wwe | §.D.E. Ww | S$.D.E. Ww 
234 215 4.0 3.1 12% 1185 
185 214 4.7 3.2 1497 1223 
210 4.5 1433 
200 3.8 1210 


2 Single distant electrode method; interval 1 to 2) ft. 
» Wenner method; interval 2 ft. 

Thirty-seven observations on the lignite gave a mean resistivity of 
1370 ohms per cm. cube, and 6 determinations on the only accessible 
exposure of Cretaceous clay, in the parting between the upper and lower 
seams, gave an average of 1420 ohms per cm. cube. The greatest devia- 
tion of any individual reading from the quoted means was about 25 
per cent. 

Although much of the water entering the mine was draining from a 
sand seam at a depth of about 35 ft., yet considerable quantities flowed 
from cleavages randomly distributed in the lignite seams. The following 
resistivities on collected samples were observed: 


RESISTIVITY 
Orrein or WaTER SAMPLE Oums PER Cm. CuBE 
Draining into shattfrom’35-thu level scmia ke eit nee 650 
Draining into drift from upper seam..................-ceseeeee 300 
Draining into drift from lower seam..................-ccceeeee 225 


Repeated tests on fresh fillings of the conductivity cell from the same 
source gave almost check values. The water draining into the lower drift 


showed on analysis a content of 1 gram of chlorine and of 2.85 gram total 
dissolved salts per liter. 


Discussion of Small-scale Data 


The utility of such detailed studies was evident as a guide to the actual 
resistivities existing in this locality, even though the data were incom- 
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resistivities, which would preclude their differentiation in surface investi- 


gations; the other clays at the shaft site had resistivities ranging from 
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Fig. 15.—REsISTIVITY AT DRILL HOLE 34. 


two to ten times that of the Cretaceous series. The range of values was 
in fair agreement with the data from laboratory studies (Table 2). The 
high saline content of the underground water sample, and the good con- 


oe 
oC. 


METHOD MeaceR POTENTIOMETER 
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Fic. 16.—RESISTIVITY AT DRILL HOLE 26. 


ducting properties of the water from the three levels, led to the conviction 
that these waters, existing in considerable amount, were largely respon- 
sible for the variation of the observed surface resistivity data, both in 
depth and in areal extent. Many workers have reported instances where 
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resistivity measurements to reveal structural changes hav 

avail, because of the predominating effects of saline waters. It 

lar, during their recent work in Australia, Broughton Edge and Laby 
(ref. 9) found that resistivity methods were not applicable in some locali-- 
ties because brackish waters had saturated the earth materials. = 


Further Surface Investigations - 


1. A comparison of resistivities by Wenner’s method and the central _ : 

4 electrode method was made at drill hole 34, as its proximity to the shaft, — 

with further evidence from drilling, assured reasonable continuity and 

J uniformity of the lignite seam. However, as the distance was 1000 ft., 

; electrical conditions would be undisturbed by the mine workings. At 
drill hole 26, data were obtained by Wenner’s method and the single 
distant probe method. The Megger and deflection potentiometer were 
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Fic. 17.—CompaRIsON OF TWO METHODS AT TWO ADJACENT LOCATIONS. 


employed as mutual checks at both locations. Figs. 15 and 16 embody 
the results; the drilling records are included in Fig. 6. 

2, At drill holes 48 and 49, readings were obtained using Wenner’s 
method with the Megger alone, checked by Lee’s method of partitioning. 
In Fig. 17, the Wenner data from both sites are compared, along with the 
data of the previous year when the single distant probe method was used. ~ 

3. Resistivity conditions were determined for nearly 5000 ft. along a 
traverse line (AB, Fig. 2) which had been previously followed in torsion 
balance investigations. Measurements were made with the Megger 
alone using Wenner’s method checked by Lee’s partitioning. Readings 
were taken at 200-ft. intervals, with 35, 70, 120 and 200-ft. potential 
intervals at each site; the 200-ft. intervals were contiguous, with the 
shorter potential intervals about the mid-point at each site. In Fig. 18, 
the results are shown accompanied by the geological section obtained by 
linear interpolation from the records of drill holes 10, 11, 12 and 31, and 
by the direct use of the records of drill holes 26 and 32. : 
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etre Discussion of Surface Studies : 
_ 1. For all intervals beyond 80 ft. the data of Wenner’s method from 
drill holes 34 and 26 were almost identical; for shorter distances overbur- 


den differences were evident. The resistivity at depth approached a 
common value at both places. It is of interest to note that the Cretaceous 
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Fig. 18.—CoMPARISON OF RESISTIVITY VARIATIONS ALONG A TRAVERSE (WENNER 
METHOD) AND GEOLOGICAL SECTION. 


series began at almost the same depth. The central electrode method 
at drill hole 34, and the single distant probe method at drill hole 26 gave 
similar trends of values, revealing a definite decrease of resistivity begin- 
ning almost abruptly at the 80 to 100-ft. interval, which agreed fairly 
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well with overburden depth. There was no marked change of curvature 
of the Wenner graphs for this interval, to suggest any direct empirical 
depth correlation. Instead, the most abrupt change occurred for an 
interval of between 30 and 40 ft. These Wenner curves, as well as those 
of the Birch Cliff test sites, did not show any changes of slope more abrupt 
than those theoretically expected from measurements on complex inhomo- 
geneous media; the small departures from smooth curves may be entirely 
accounted for by the irregularities in both horizontal and vertical extent. 
There was no experimental evidence that the fundamental assumptions 
defining the potential distribution in the underground which were adopted 
in the theoretical papers mentioned previously (p. 95) were not both 
necessary and sufficient. Undoubtedly subsurface structure often 
departs greatly from the simpler cases which alone permit of exact mathe- 
matical analysis. 

The readings obtained with the Megger and the deflection poten- 
tiometer diverged appreciably for resistances of less than 0.1 ohm; the 
Megger gave the larger values. As there appeared to be a tendency to 
record too large Megger readings on these low resistances, it is believed 
that the other data were more accurate. The possible existence of 
induction effects dependent on the commutator speed, of sufficient magni- 
tude to be significant in the low readings, was not adequately investigated 
with the deflection potentiometer. The work of Broughton Edge and 
Laby”? did not come to the writer’s attention until the field tests were 
suspended for the season. In any case, the accuracy of the measure- 
ments was sufficient to establish the major trend of the resistivities. 

2. At drill holes 48 and 49, the Wenner results confirmed the similarity 
of resistivities previously observed (Fig. 17), but no further light was shed 
to reconcile this similarity with the underground differences revealed by 
drilling. The Cretaceous series began at 72 ft. at drill hole 48, but not 
until a depth of 120 ft. at drill hole 49. In this instance the resistivity 


values have failed to indicate that the overburden was of quite different’ 


depth and character at the two locations. 

3. Along the traverse the resistivities for each interval showed varia- 
tions of 50 per cent from the least value observed. Although the geo- 
logical section (Fig. 18) was drawn from meager data, yet these variations 
were evidently due to changes in the character of the overburden, rather 
than to marked fluctuations in the thickness of overburden or of the 
Cretaceous series. An equi-resistivity contour map built up from a net- 
work of measurements could not be of much service in delineating lignite 
in this part of the area. 

4. In Fig. 19 are shown the graphs of theoretical resistivities associated 
with ideal two-layer cases for overburden thicknesses of 65 ft. and of 
115 ft., and for resistivity ratios of 9 to 3 and of 9to 1. Although the 


22 Third reference of footnote 9. 
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extreme cases gave distinctly different trends,’ yet, in practice, when 
marked irregularities superimpose their effects, the interpretation of data 
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Fic. 19.—CALCULATED RESISTIVITY FOR HOMOGENEOUS HORIZONTAL UPPER LAYER ON 
A UNIFORM INFINITE LOWER MEDIUM (WENNER METHOD). 


40 


obtained by Wenner’s method with the general resistivity conditions of 
this area would not be consistently reliable. : 


GENERAL SUMMARY 


1. Laboratory examination of clay and lignite samples from Ona- 
kawana lignite deposit had shown a small range of resistivities, with 
lignite 12 times a better conductor than the most resistant clay. A short 
preliminary field test tentatively indicated that favorable and barren 
areas were differentiated by simple resistivity methods, and that the 
overburden thickness, but not the seam thickness, could be approxi- 
mated empirically. 

2. A further month’s field work, with studies at sites having repre- 
sentative conditions, showed that the preliminary findings were not 
consistently sustained; no dependable general correlation of resistivity 
data with drilling records was obtained. 

3. Winter measurements showed that resistivity values were not 
appreciably changed by the freeze-up; overburden resistivities were 
found to vary considerably at different points, further confirming the 
complex conditions revealed in the previous survey. 

4. The limitations of a Megger in measuring resistances of less than 
0.5 ohm were investigated in the laboratory. A “deflection potenti- 
ometer” was constructed for verifying field readings; its behavior under 
defined conditions was satisfactory. 

5. The new equipment was tested in field service at Birch Cliff during 
a study of data obtained by several electrode arrangements. As the 
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structure anpronméred: to a two-layer case, the mathematical anal ; 
proposed by Tagg was applied to Wenner data; the deductions v 


compared with the findings from detailed study of samples from a test 
hole. Although the upper layer was too shallow for an adequate test of 
the analysis, the studies proved very instructive. a 


6. At Onakawana lignite deposit, subsequent measurements in Hie 
ground drifts showed that lignite and Cretaceous clay were indistinguish- 


able by resistivity methods, because of almost identical conducting _ 


properties. The formations were saturated with saline water, of which 
the conductivity depended on its source in the underground. No doubt 
the resistivity conditions at any point were determined largely by the 
local water content. Although various electrode arrangements were used 
for further surface studies, the correlation of data with drill records was 
not more consistent than was observed previously. Measurements along 
a traverse showed such variable overburden resistivities that equi-resistiv- 
ity contour maps would be of little value in delineating lignite. 

7. To sum up, the investigations showed that the resistivities of the 
clays associated with the lignite were too variable, and the ratios were 
too small, to consistently differentiate good and barren lignite areas in 
this part of the Moose River basin by any of the resistivity methods 
investigated. The value of similar measurements to reveal lignite in 
other parts of the region would depend on the conditions existing; better 
results could not be predicted with confidence. 
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AppEenpix A.—Meracrr Earta TEster 


This instrument, manufactured by Evershed and Vignoles, is described 
in their catalogues, as well as by such workers as Lee,?* Lancaster J ones, ”4 


23 F. W. Lee: U. 8. Bur. Mines Tech. Paper 440 (1928). 
*4 #. Lancaster-Jones: Min. Mag. (June, July, Sept., 1930). 
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_ Broughton Edge and Laby,” who have further indicated its applicatio 
in resistivity measurements. 


The 3000-ohm, 4-range a.c. type instrument was used in these investi- 
gations. These ranges are generally adequate for determining the elec- 
trode contact resistances and the interbowl resistances found in practice. 
Where the former are greater than 3000 ohms, the values usually may 
be brought within measurable range by watering the electrodes or by 
using two or more in parallel. As others have emphasized, it is essential 
to correct the observed interbowl resistances for the effects of the corre- 
sponding contact resistances, because the instrument is not based on a 
null method. 

At the lignite deposit the contact resistances were generally of the 
order of values allowed in calibration of the Megger. Many of the inter- 
bowl resistances were less than 0.1 ohm, for which the readings fall within 
the last division of the lowest range of the instrument. The percentage 
error in observation of these, apart from other possible sources, may 
be considerable. 

A number of factors that have influenced the behavior of Meggers 
during their operation by the writer were: 

1. Level—The suspension of the moving system of one instrument 
used was not adequately adjusted for small inaccuracies of level. This 
condition has been noted by other workers. In measuring low resist- 
ances, slight tilting of the instrument vitiated the readings, the feeble 
forces then acting being insufficient to prevent the pointer from drifting 
seriously under the influence of gravity. As level, firm bases are often 
difficult to maintain in field work, the sensitivity to changes of level of all 
instruments should be checked before use. 

2. Current Electrode Resistance —A study was made in the laboratory 
of the behavior of a Megger, using fixed non-inductive resistances and 
various current electrode resistances. Provided the latter are not over 
500 ohms, and allowing for the potential electrode resistance used in cali- 
bration, readings accurate to within 5 per cent may be obtained for the 
range 0.5 to 0.1 ohm. For current stake resistances over 1000 ohms, 
greater discrepancies may be expected. It would appear that the Megger 
readings for low resistances are independent of current electrode resist- 
ances only when the latter are within fairly low limits. 

3. Moisture.—During the surface investigations under winter condi- 
tions in 1930, the instrument previously used in shaft studies began to 
read half-values of the lower resistances, and a smaller fraction of resist- 
ances over 1000 ohms. It was suggested, by those who later tested the 
instrument, that probably moisture had caused a phase change in the 
current relationships, as the instrument began to function normally 
after standing in a dry laboratory for a period. However, the cause was 
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not established, as the instrument later resumed its erratic behavior while 
in the same laboratory conditions. In any work, the Megger should be 
protected against dampness. 

The writer has been advised that Evershed and Vignoles have a new 
type of Megger under construction for geophysical work with a full scale 
range of 0.3 ohm. If this can be produced successfully, it will represent 
a distinct advance in equipment for measuring these low resistances 
with facility. The present type was not designed for the precise measure- 
ment of such small resistances as were encountered at the lignite deposit. 


ApreNnDIxX B.—PoTENTIOMETER, MILLIAMMETER AND COMMUTATOR 
EQuIPMENT j ' 


The equipment in this section was the property of the Department 
of Physics, University of Toronto: 

Potentiometer—Leeds & Northrup portable type, with two ranges; 
0 to 16 and 0 to 80 mv. respectively. This instrument had good sensi- 
tivity but was of rather limited range. 

Current Measuring Equipment——This comprised a Rawson multi- 
meter suitable for use over a wide range, and a number of Weston milli- 
ammeters of laboratory type with full scale values ranging from 10 to 
250 milliamperes. 

Commutator.—This unit had brass sectors mounted on ebonite blocks. 
The brushes were of ‘‘whisker” type supported in posts of ebonite, and 
were difficult to keep in adjustment. An electric motor operating from 
storage cells, and requiring at least 18 volts, was used to drive the com- 
mutator. This commutator was an old laberatory unit pressed into 
service because no other was then available, even though it was unsuitable 
for field work. 


APPENDIX C.—POTENTIOMETER AND MILLIAMMETERS 


For the measurements with direct current, during the survey of Sep- 
tember, 1930, the following instruments were available: 

1. A portable Cambridge potentiometer of two ranges, 0 to 20 and 
0 to 100 mv., used generally for thermocouple work. 

2. The Rawson multimeter, and a number of Weston milliammeters, 
which were mentioned in appendix B. 


APPENDIX D.—Derr.ectTion PoTENTIOMETER SysTEM 


To provide the advantages of alternating current through the earth 
accompanied by determinations of direct voltages, a measuring system 
was prepared with component parts as follows: 

1. Potentiometer—A unit was constructed of simple parts based on a 
circuit attributed to Hildebrand. Fig. 20 shows (a) the essentials of 
the circuit, and (6) the layout of the unit built. 
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B, and Bz = unit flashlight cells, used to impress either 114 volts 


# or 3 volts on the circuit. 


R, = radio resistor, potentiometer type, 200 ohms. 

R, = radio resistor, 500 ohms. 

R; = radio resistor, 10 ohms. 

R, = radio resistor, 1000 ohms. 

R,z and R; serve as finer adjustments for balancing on Ri; FR, influences 
the sensitivity of the galvanometer G, and provides for critical damping. 

G = Type 440 Weston portable galvanometer, with sensitivity of 
0.25 microamperes per scale division. 

These parts, except for the galvanometer, were mounted on a panel 
of 14-in. Bakelite, provided with three binding posts Xi, Xe, X3. One 
lead of the galvanometer connected with X3. The standardized leads 
of the millivoltmeter were connected to X; and X2. 

V = model 322 Weston millivoltmeter, four ranges; 0 to 2, 0 to 20, 
0 to 200, and 0 to 2000 millivolts. 

At the point of balance indicated by no current through the galva- 
nometer, the reading of the millivoltmeter gives the potential fall between 
P, and P». 

2. Milliammeter—To measure the current flow through the earth, a 
model 1, d.c. Weston milliammeter was obtained, with three ranges: 
0 to 15, 0 to 150 and 0 to 1500 milliamperes. 

3. Switches—By means of a system of knife switches laid out on a 
Bakelite panel, either a Megger or the deflection potentiometer could be 
connected to the cables leading to the earth electrodes, to measure either 
the interbowl resistances or electrode contact resistances, as desired. 

Mounting for Transport—All the above component parts were fixed 
in a wooden tray, in turn cushioned by pads of 1g-in. felt in a strong 
outer case with hinged cover and removable wooden legs. This has 
proved adequate to protect all the instruments from injury during ship- 
ment for considerable distances by truck and express, and during field 
transport under severe conditions. 

4. Current Supply—A set of 4 B batteries, each of 45 volts, mounted 
in a suitable case, provided for any voltage across the current electrodes in 
the range of 22.5 to 180 volts, by steps of 22.5 volts. 

5. Double Commutator —In Fig. 21, the dimensions of the vital units of 
the commutator are shown. The commutating sectors were cut from 
34 g-in. seamless copper tubing of 2.5-in. diameter, and were mounted on 
machined, hand-fitted blocks of “electrical” Bakelite, which were flush 
with the copper bearing surface in the sector gaps. Projecting parts of 
Bakelite on each of the current and potential units were cut to dovetail 
together, to lock the units in proper orientation and to provide adequate 
insulation. A 1-in. steel axle set in ball bearings mounted in suitable 
housings carried the units, which were carefully turned in a lathe in their 
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operating position to remove any eccentricity of the copper! urf 
train of gears giving a step-up ratio of 25 to 1 provided a —— 
cycles in normal operation by hand turning. 
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Fig. 20.—PoTENTIOMETER CIRCUIT USING MULTIPLE RANGE MILLIVOLTMETER AND NOT 
REQUIRING A STANDARD CELL. 


The input and pick-up brushes were a type used in vacuum cleaner 
motors; for the present purpose they were of copper carrying a small 
amount of graphite lubricant. They were about 114 in. long and 3¢ by 
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Fie. 21—ComMMUTATOR UNITS. 


}4 in. in cross-section; the faces were ground to fit the commutator surface 


when the brushes were mounted radially in their operating position. 
Each brush was backed by a coil spring of suitable strength, both held 
in a guiding sleeve. These holders for the four alternating current 
brushes were supported horizontally on opposite sides of the commutator 
in pairs, on posts of machined Bakelite of adjustable height; the holders 
of the four continuous contact brushes were set vertically in an ebonite 
plate in line beneath the axle. From each brush an insulated lead was 
brought to a binding post on a Bakelite panel. The set-up, in working 
position, was mounted on a plate of 14-in. brass, to which the Bakelite 
panel was fixed vertically at one end. The complete assembly was 
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<s ‘incased in a fitted wooden box from which it could be withdrawn readily. 
_ To operate the commutator, it was necessary only to let down a hinged 
side to expose the Bakelite panel, as a folding crank outside the box was 


used for turning. 

Criticism of Deflection Potentiometer.—To obtain reasonable length 
of service from B batteries, the current drawn must not exceed about 
200 ma. With this condition, the deflection potentiometer as built was 
not satisfactory for measuring resistances of less than about 0.03 ohm. 
Three factors combined to cause this limitation: 

1. The most serious was that imposed by insufficient sensitivity of the 
galvanometer, which had an internal resistance of 150 ohms, compared 
to 6.7 ohms in the low range system of the millivoltmeter. 

The galvanometer and the low range of the millivoltmeter were of 
almost equal sensitivity provided there was no contact resistance in the 
potential circuit. At the lignite deposit, the electrode resistances were 
usually of the order of twice the internal resistance of the galvanometer. 
This caused a corresponding decrease in the galvanometer sensitivity and 
in the precision of balance. 

2. The setting of the variable resistors was restricted to a full turn 
of wire in each unit, rather than being continuously adjustable. On the 
low range of the millivoltmeter exact settings could not be readily made, 
but with the galvanometer used, this was not a significant factor. Witha 
more sensitive galvanometer a continuous adjustment would be essential. 

3. Owing to imperfect commutation, slight impulses of random nature 
reaching the galvanometer caused difficulty in balancing the circuit for 
low readings. Other workers have smoothed these out by using a small 
condenser in series with the potential electrodes. For the best com- 
mutation a very well built commutator is essential; the one used had been 
constructed as a preliminary effort. 


ELEVATION PLAN 
Fia. 22.—ConpbvucTiviITY CELL. 


For the measurement of low resistances only, a sufficiently sensitive 
portable potentiometer would be generally more satisfactory than the 
deflection potentiometer. 


Apprnpix E.—ConpvuctTiviry CELL 


_ Fig. 22 shows the plan and elevation (cover removed) of the conductiv- 
ity cell. The material was of wood, thoroughly glued and shellacked. 
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The electrodes, to which leads were soldered, fitted snugly into shal low 
grooves in the cell walls and occupied the entire cross-section. — The . 
current electrodes were thin bronze plates, while the inner (potential) 
electrodes were galvanized wire gauze. The space between the electrodes | 


was packed firmly with the samples by hand tamping. From Fig. 22, it 
will be seen that the potential electrodes defined the potential drop across 
a block of material 6 cm. square by 4 em. long, whence for this particular 
cell the resistivity of the sample was nine times the observed resistance. 


ApprEnpix F.—INSULATED CONDUCTORS 


Single conductor, multiple-strand, rough usage cable was used to 
connect the electrodes to the instruments. No. 14 gage wire was covered 
with a heavy insulation of 40 per cent pure rubber, making a cable 3¢ in. 
in diameter weighing 60 lb. per 1000 ft. Such heavy cable was necessary 
to provide ample insulation and to withstand the wear when it was 
dragged over rough, rocky ground; it was sufficiently strong and flexible 
for ease in reeling. 


APPENDIX G.—CoRRECTION FOR EFFECT OF ELECTRODES 


Apart from experimental errors, the resistivities calculated from 
the simple formulas on pages 4 and 5 for point sources at the surface have 
three sources of error when the electrodes penetrate to some depth: 

1. The properties of the ground do not correspond exactly to those of 
the conducting medium of mathematical theory. In particular, there 
will be variable contact resistance between the ground and the electrodes. 

2. Unless the pick-up electrodes lie exactly and for their whole length 
in the initial equipotential surfaces, they will not leave the field unaffected. 

3. The current will flow from a rod of finite length, not from one point 
on the surface. The last of these may be partly eliminated by theoretical 
considerations. For a more exact solution of the potential distribution 
about a current stake in an ideal medium, the stake may be identified with 
the lower half of a vertical thin ellipsoid of revolution. The equipotential 
surfaces and the density of current spreading into the medium correspond 
respectively to the equipotential surfaces and the surface density of 
charge of a complete ellipsoid of revolution isolated in space and carrying 
an electrostatic charge. The current’ density will, therefore, be high 
toward the lower end of the stake. We may conclude that upper and 
lower limits for the potential are given by taking the current to come from 
a point source (1) on the surface, and (2) at the lower end of the current 
stake. For the latter case, if 2 em. be the electrode penetration, then 
following Wenner’s derivation,” the expression for the central electrode 
method or the single distant probe method (neglecting the influence of 
the distant current electrode) becomes: 


26 Reference of footnote 4. 
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_The surface point source expression is modified by the factor in square 
brackets. For Wenner’s method, the similar expression becomes: 
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p = 2nraR 
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= 
0.5 + 7g? a? 2/2? + a 


The differences between cases 1 and 2 for points close to the test site 
are shown in Table 9 for two usual values of x. For intervals greater 


TapLE 9.—Correction Factor to Be Applied to Observed Resistances Obtained 
by the Wenner Method and the Central Electrode (or Distant Probe) 
Method to Provide for Depth of Electrode Penetration 


Wenner Method Central Electrode Method 
ou eS ear Ga ne 
Factor Factor 
Interval, Interval, 
Ft. Ft. x eee 
z= 2 Ft. a= 2.5 Ft. xz = 2 Ft. az = 2.5 Ft. 

Ee EE ee ar a aan Lena aes 

2.5 1.564 1.684 2.5- 5 1.564 1.684 

5 1.224 1.316 5-10 1.224 1.316 

10 1.066 1.100 10-15 1.080 1.120 

15 1.030 1.047 10-20 1.066 1.100 

20 1.017 1.027 10-30 1.054 1.082 

25 1.017 15-20 1.0388 1.061 

30 1.012 20-25 1.024 1.037 

20-30 1.019 1.032 

25-30 1.016 1.025 


than 30 ft., the correction becomes negligible. To depths for which 
electrode penetration is of consequence, information can be readily 
obtained by other means; é. 9., by auger holes. We may conclude that 
the true resistivities of the upper layers lie between the values cal- 
culated by using the factors of Table 9 and those obtained by applying 
no correction. 


DISCUSSION 


(Louis B. Slichter presiding) 


Memser.—ls the lignite wet or dry? 
R. H. Hawxis.—The lignite is saturated with water of a relatively high salt 
content. 


R. H. Hawxins.—No sample onl be aire of ies mie 
because abe shaft was not deep sence so ene were not tested. 


flares 
be more successful. > 


L. Gincurist,t Toronto, Ont.—As I had scuethic? to do with this work, I may 
be able to contribute a few words about it, especially from the point of view of the 
place to be occupied by geophysics in mining exploration. The mining work was done 
wrong end first, as is so frequent in cases like this. Drill holes were put down and 
the blank ones were abandoned. Later geophysical examination was made in the 
neighborhood of the abandoned holes. The proper thing to do is not to neglect any ~ 
hole; to test every one by the available geophysical methods at the time of drilling, 
in order to obtain the maximum information. In this work, the geophysicist should — 

; play an important role because of the types of data he is peculiarly equipped to obtain. 


* Société de Prospection Electrique. 
{| Manager, Swedish-American Prospecting Corporation. 
t Professor of Physics, University of Toronto. 
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Geophysical Studies in Placer and Water-supply Problems 


By J. J. Jaxosxy* anp C. H. Witson,* Los ANGELES, CALIF. 


(New York Meeting, February, 1934) 


ABSTRACTT 


In recent years geophysical prospecting methods have become well 
established as important steps in economically initiating new mining 
ventures in the field of base-metal exploration, placer mining and water- 
supply problems. The value of these methods as applied to these 
problems has been greatly increased by new and improved instruments, 
and a greater degree of skill in laboratory and interpretative technique. 

Considerable success has been attained, with subsequent drilling 
checking the predicted depths within 1 to 5 per cent, on problems requir- 
ing information on thickness of fill material, depth to and contour of 
bedrock, extent and yardage of gravels to be mined, and location of 


hydrostatic water table. In these applications the geophysical work 


gives data comparable to drilling, and at a cost of about one-fiftieth that 
of drilling. 

Discussion of several surveys with accompanying illustrations showing 
geophysical methods applicable to both simple and complicated placer 
problems are contained in the paper. The electrical instruments for 
measuring electromagnetic field strength and surface potentials are 
described, and their use, coupled with that of other geophysical instru- 
ments in modern field procedure, is noted.! 


« International Geophysics, Inc. 
+ The paper was published as A.I.M.E. Tech. Pub. 515. 
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Electrical Exploration of Water-covered Areas 


By C. anp M. ScuuumBEerGEeR* AND E. G, LEoNARDON* 
(New York Meeting, February, 1934) 


Tur object of this paper is to describe the adaptation of electrical 
resistivity measurements to the particular case of exploration in which 
the surface is an expanse of water (river, lake, sea). Water in itself 
does not constitute an obstacle to electrical exploration. It is merely 
an overburden, which is fluid instead of being solid, and as a consequence 
the routine of the measurements has to be modified. Also, in many 
instances, the liquid under consideration is highly conductive (salt 
water). This introduces an additional difficulty into exploration work, 
and has to be overcome by the geophysicist. 

We do not propose to discuss here the basic principles of electrical 
resistivity measurements, which have been dealt with in various previous 
papers,! but will simply recall the two fundamental techniques which 
govern its field application: 

1. Horizontal exploration, or method of the resistivity map, in which a 
series of electrical measurements are carried out at various stations, 
keeping the same electrode spacing. Thus, a horizontal layer of the 
subsoil, of a practically constant thickness, is explored. 

2. Vertical exploration, or “‘vertical sounding’? method, in which a 
seriesr of measurements is made with increasing electrode spacings at 
one or several stations. In this way, the apparent resistivity is deter- 
mined at a given station for various increasing thicknesses of the ground. 


Manuscript received at the office of the Institute Dec. 1, 1933. 

*Compagnie Générale de Géophysique, Paris, and Schlumberger Electrical 
Prospecting Methods, New York. 

1 Tn particular, 

I. B. Crosby and E. G. Leonardon: Electrical Prospecting Applied to Foundation 
Problems. A. I. M. E. (1929) Geophysical Prospecting, 199. 

J. N. Hummel: Der scheinbare spezifische Wiederstand. Ztsch. f. Geophysik 5, 
89; Der spezifische Wiederstand bei vier plan-parallel Schichten. Jdem., 228. 

8. Stefanesco and C. and M. Schlumberger: Sur la distribution électrique poten- 
tielle autour d’une prise de terre ponctuelle dans un terrain homogéne & couches 
horizontales homogénes et isotropes. Le Journal de Physique et le Radium (1930) 
1, 132. 

* The term ‘‘vertical drilling” has been used by the authors in previous communi- 
cations. The expression “vertical sounding” seems, however, more appropriate. 
(122 
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In other words, the constitution of the subsoil is investigated, along the 
vertical beneath the station. 

These two techniques can evidently be applied over an expanse of 
water, provided that slight adaptations are made. This new procedure 
will be described, and several practical cases of its application discussed. 


Trctronic EXPLORATION IN FRENCH EQuATORIAL AFRICA 


In the course of the years 1932 and 1933, the organization with which 
the authors are connected was entrusted with the exploration of a large 


Fig. 1—AREAS STUDIED GEOPHYSICALLY IN FRENCH EQUATORIAL AFRICA. 
1. Region of Pointe Noire. 3. Region of Kouilou River. 
2. Region of Rembo N’Komi. 


territory in French Equatorial Africa, in the neighborhood of Pointe 
Noire and Fernand Vaz, for the purpose of locating structures favorable 
to oil occurrences (Fig. 1). 

In the course of this exploration, several geophysical methods were 
applied simultaneously. Among the serious obstacles encountered was 
the difficulty of carrying out the observations in the thick jungle, which 
covers a large part of the territory under consideration. On the other 
hand, there are rivers and shallow bodies of water on which traveling 
by boat is an easy matter. This circumstance was of great importance 
in making possible a considerable improvement in the efficiency of the 
electrical system, which was easily and rapidly adapted to working con- 
ditions on water. 


the primary electrodes A, and Res a pee in sihiehy inant 
were attached at convenient distances (Fig. 2). The first canoe we 
fitted up as a measuring station. It carried the potentiometer and its — 
accessories, and was connected to the secondary electrodes M and Ne 
The canoe at the end of the cable carried the primary electrode B. 
The whole outfit was towed along at a low speed by the motor boat. The 
rear canoe was carefully maintained in line with the two preceding boats. _ 


Fig. 2.—ARRANGEMENT OF CANOES. 


The operator using the potentiometer at regular intervals of time 
observed the differences of potential between M and N, and the intensity © 
of the current flowing in the line AB. Incidentally, the latter quantity _ 
is quite constant in a river, facilitating greatly the immediate interpreta- 
tion of the differences of potential measured. The speed of the outfit 
was regulated according to the more or less rapid variations of the poten- 3 
tial differences observed, so as always to study in detail the measurements 
in the zones particularly disturbed. In certain instances, it was possible y 
to record an electrical profile 4 km. long in about one hour. ; 


Ita. 3.—ARRANGEMENT OF CANOES FOR VERTICAL SOUNDINGS. 


A third canoe accompanied the measuring outfit, in order to put down 
markers along the banks, or in the river, as often as was deemed necessary. 

The carrying out of vertical soundings was equally simple (Fig. 3). 
A boat C, containing the measuring instruments, was firmly anchored in 
the ReL OR Cod of the measuring point, so as to preserve a satisfactory 
stability. The secondary electrodes M and N were anchored in the 
neighborhood, and maintained on the surface of the water by a line of 
wooden floats. The primary electrodes A and B were carried by two 
canoes, which moved up and downstream of the line MN. These canoes 
also carried two reels of cable, so as to unwind the convenient lengths of 
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cable required for a given spacing of the electrodes. During the measure- 
ments, these canoes were maintained motionless in the water by means 
of anchors. All these maneuvers were regulated by means of whistle 
or telephone. 


Figs. 4 AND 5.—APPARATUS ON CANOE. 


Figs. 4 and 5 illustrate this technique of exploration on water (view 
of the instruments installed on a boat, and laying down of a cable in 
the water). 
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Fra. .6.—RELATION OF OLD.TO NEW EXPLOITATIONS. 


3 Cf. V. Melikian: Electrical Prospecting of the Limestones in the. Bibi-Eibat 
Bay. Azerbaidjanskoé Neftanoe Khoziaistwo (Azerbaidjan Oil Industry) No. 9-10 
(1931). 
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land was first exploited. This is the zone of the ‘Old Exploitations” 
(Fig. 6). The outcrops of the Middle Apsheron limestones outline the 


form of this part of the structure. The later exploitations followed the 
prolongation of the anticlinal fold under the Caspian Sea, and for this 
purpose a large area was reclaimed from the sea. This constitutes the 
so-called ‘‘New Exploitations,” marked on the map. 

The problem put before electrical prospecting was to determine 
accurately the remainder of the structure underlying the Caspian Sea. 
This problem was solved quickly and satisfactorily by tracing the out- 
crop of the Apsheron limestones at the bottom of the sea. 


Resistivities in meter-ohms 


590 640 
Distances in meters 


Fig. 7.—TYPical RESISTIVITY PROFILE ACROSS LIMESTONES. 


- In this region, the thickness of water and mud is in the order of 3 to 
10 m. only. The resistivity measurements might have been performed 
according to the technique previously described. However, owing to 
the varying thickness of the thin, very conductive sheet of salt water, it 
was deemed preferable to utilize a measuring arrangement laid down at 
the bottom of the sea, so as to eliminate more readily the disturbances 
due to the variations in the thickness of this overburden. To this end, 
a triconductor cable (usually employed in electrical coring operations) 
was resorted to. A system of three electrodes AMN was prepared at the 
end of the cable, with AM = 45 m.and MN = 10m. The second pri- 
mary electrode B was located on land, at a long distance from A, M and 
N, and did not play any role in the differences of potential observed. 

The cable, wound up on a winch located on shore, was drawn out and 
laid down in the sea by means of a motor boat. It was then wound up 
again slowly on the winch, and electrical readings taken every 15 m. 
apart, or even at shorter intervals in the interesting zones. Fig. 7 
gives an example of the typical resistivity profiles obtained across the 
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limestones. These rocks, which are surrounded by shales, are clearly 
indicated by a characteristic hump on the resistivity diagrams. 

On Fig. 6 the position of the various electrical profiles has been 
indicated, as well as the resistivity map deduced therefrom. The 
limestones of Bailov Cape extend 2144 km. towards the south, along 
two beds AB and A’B’. In the same way, in the southern part of the 
map, the limestones of Chikhov Cape extend along DD’, over a length 
of about 1200 m. The outcrop seems to be disturbed by at least two 
small faults. In the central zone, the resistive spots C and C’ very likely 


correspond to the limestones, with the conclusion that this zone con- 
stitutes a graben, limited towards the north and south by two impor- 
tant faults. 

Finally, the Brovtzina resistive zone is caused by the volcanic nature 
of the underlying formations. 

New tectonic data obtained recently by electrical coring in the zone 
of the New Exploitations seems to be in complete accordance with the 
results of the surface exploration. 

Fig. 8 shows a view of the reclaimed zone at Baku, with the Caspian 
Sea on the right, where the electrical exploration took place. 


Stupy or Rock Conpririons In ALGIERS HARBOR 


The study in question was carried out in August and September, 
1932, in connection with a program for altering and enlarging the harbor 
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E. of Algiers. The project (Fig. 9) included in particular the prolongation 
; towards the sea of the northern breakwater. This prolongation was to 
be completed in two successive stages, first 400 m. being laid, and later 


another 450m. ‘The building of a new coal wharf was also contemplated, 
behind the eastern breakwater, and finally a passenger pier had to be con- 
structed in order to supplement the one now in use, which is insufficient. 
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Fig. 9.—LocaTION OF PROJECT IN ALGIERS HARBOR. 


For the systematic study of this new engineering project, it was 
necessary to know the elevation of the bedrock at the bottom of the sea. 
This bedrock is made up of old crystalline schists, which are found 
outcropping in numerous places around Algiers. ‘They are overlain in 
the harbor by a variable and unknown thickness of muds and uncon- 
solidated sediments. It was necessary to know the thickness of these 
sediments in order to determine more definitely the type of structures 
to be built. . 

In order to procure these data, a campaign of mechanical drilling 
might have been resorted to. However, the carrying out of such a 
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campaign at sea is relatively laborious and slow. Besides, the informa- 
tion gained is local, and it is not possible to obtain therefrom a general 
outline of the underlying topography, except by drilling a very large 
number of holes, with the consequence that the program of investigation 
would be very expensive. This explains why the harbor authorities, as 
well as the contractors themselves, agreed to apply simultaneously 
mechanical drilling and geophysical exploration.* 

The problem put before electrical prospecting was a typical so-called 
“three-layer” problem, the particular conditions of which may be 
explained as follows (Fig. 10). The first layer is sea water, with a resis- 
tivity of 0.2 ohm, its thickness EH being very accurately known. The 
second layer is made up of muds and unconsolidated sediments; the 
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Fig. 10.—THREE-LAYER PROBLEM. 


purpose of the exploration is to give an estimate of its unknown thick- 
ness. Preliminary experimentation showed that this unconsolidated 
material, saturated with salt water, possessed a remarkably constant 
resistivity of 0.74 ohm. This result, incidentally, proves that the muds 


0.2 . 
contain a regular percentage in volume of 074’ bes about 27 per cent, 


of salt water. Finally, the underlying third layer is composed of crystal- 
line schists, with a practically infinite resistivity in respect to the two 
previous layers. ‘This layer, of course, is practically of indefinite extent. 
If a current is caused to flow in such a layered medium by means of a 
punctual electrode, it is evident that the state of the electric potentials 
will depend upon quantities of which all are known except the unknown 
thickness e of the intermediate layer. A relation, therefore, exists 
between the electric potentials and the thickness e, which makes it 
possible, at least from a mathematical point of view, to determine this 
latter quantity if the former is known. 

In order to solve the problem, electrical vertical soundings might 
be carried out from the surface of the sea. The resistivity diagrams 
obtained would be utilized to determine the position of the different 


‘C, Schlumberger and P. J. M. Renaud: Etude Géophysique Sous-Marine Exe- 
cuteé dans le Port d’Alger. Ann. des Ponts et Chaussées (1933) 2, No. 4. 
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underlying layers. However, there is a distinct advantage in placing 


the measuring arrangement as near as possible to the surface of contact, 


whose position has to be determined ,so that this particular heterogeneity 
may cause the largest possible perturbation in the measurements. This 
is the reason that led to the decision to place the measuring arrangement 
at the bottom of the sea. This measuring arrangement comprised 
three electrodes AMN, so that AM = MN. These three electrodes were 
connected to three insulated conductors of a triconductor cable. The 
fourth electrode B was located on land, together with the measuring 
apparatus, as illustrated by Fig. 11. 
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Fig. 11.—PRoOBLEM WITH ONE ELECTRODE ON LAND. 


There is a decided advantage in locating the measuring apparatus 
on land instead of setting it up on a boat, since the lack of stabileity 
entails serious difficulties in the carrying out of the minute measurements 
to be made. This course was always possible, since the whole zone to be 
investigated was within a distance of 1000 m. or less from the shore. 

The cable was wound up on a winch W, and could be laid in the sea 
along a given alignment by means of a motor boat. A buoy fastened to 
the end was used as a marker, and showed at any moment the position 
of the electrode A. 

For the carrying out of the vertical soundings, the cable was first 
unwound along a given direction. Then a series of measurements with a 
given measuring arrangement AMN was performed. The successive 
positions of the electrode A were carefully noted. The electrode spacing 
was then modified on the cable, and a new series of measurements per- 
formed for the same positions of the electrode 4. The same procedure 
was applied five or six times, with varying electrode spacings, so as to 
obtain for each position of A a complete series of resistivities at various 
depths, as is customary in the vertical sounding method. 


Interpretation 


: : AM 
For each resistivity diagram the abscissas of the various values of cree 


were plotted. This means that the thickness of the sea at the point of 
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the station is taken for the unit of length. In thes 
the apparent resistivity with respect to that of the sa wa 
in ordinates. ‘The experimental curves obtained are of the typ 
by curve C (Fig. 12) which was measured at point Ss. On the oth T 
the whole series of theoretical curves corresponding to different va 
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Fiag. 12.—ExpERIMENTAL CURVE AT POINT S3. 


of the ratio 5 had been computed beforehand. On the figure are shown 


three of these theoretical curves (e = 0.25 EZ, e = 0.5 HE, and e = £). 
From the position of the curve C, among the family of the theoretical 
curves, the thickness of the intermediate layer was deduced. 

Among the difficulties encountered in the course of this exploration, 
we will mention the stray currents which were very important in the 
neighborhood of a large town like Algiers, and which rendered the 
accurate electrical readings very difficult to carry out. Another dif- 


Cc. AND M. SCHLUMBERGER AND E. G. LEONARDON 133 


ficulty was due to the salt mist, which was quite detrimental to the good 
insulation of different parts of the equipment. 
Fig. 13 shows a view of the operations in Algiers Harbor. 


Resulis 


All of the measuring stations have been marked on the map (Fig. 9) 
and are arranged along eleven alignments, A to K. Alignments A, B, 
C, D indicated a thickness of the muds from 10 to 21 m. (depth of the 
Z sea water from 34 to 38 m.). A test drill was put down at S; and gave a 
depth of 20.65 m., while the electrical prediction was 17.50 m. It is 
worth emphasizing that the information obtained from this drill hole 


Fiag. 13.—OprEraATIONS IN ALGIERS HARBOR. 


is neither precise nor certain, since the hole was difficult to drill, owing to 
weather conditions on the sea. On several occasions, the barge which 
carried the drilling equipment was taken away from its anchored posi- 
tion. No core samples were taken. 

On alignment £, the thickness determined for the sediments was 
between 4.5 and 6.5 m., under a depth of water of 15 and 18 m. A 
drill hole put down at S: found a thickness of the muds of 5 m., exactly 
as predicted by the electrical measurements. 

On profilesF,G... K, the figures determined varied between 1.5 and 
5 m., under a depth of 5 to 15 m. of water. The test drill S; found 3.35 of 
loose formations, instead of 4 predicted by the electrical survey. 

In short, the results of the electrical investigation checked satis- 
factorily with the drill-hole exploration. The process is particularly 
useful for the survey of an expanse of water where rough conditions 
exist, and constitute a serious hindrance to easy investigation by mechan- 
ical drilling. On the other hand, the economic advantage that results 


from the possibility of obtaining a large number of depth de 
speedily and at low cost is worth emphasizing. Thus, » ve 
can be studied, and general conclusions arrived at regarding un 
conditions. Such information is of great value in orienting the « 
engineer in his choice between the various and different types of ae 
tures that may be adopted for the engineering project under consideration. 


DISCUSSION 
(EH. DeGolyer presiding) 


F. H. Kiausrept,* New York, N. Y.—Our company carried out some investiga- 
tions at sea, in connection with the efforts to salvage the wreck of the “Egypt.” 
The usual procedure of dragging a cable along the bottom had been followed, but 
although the cable was hung up a number of times, it seldom proved to be a ship that 
was responsible, and considerable time was wasted to find this out. We were then 
called in to make some tests to determine whether or not, in given cases, a conductive 
body was catching the cable. I do not recall the technical details of the survey, but 
I know that the work we did was of considerable help. In one ease, I remember, we — 
found that it was a conductor that was catching the cable, but unfortunately the 
divers that went down found that it was another ship, not the “Egypt.” 


F. W. Les,t Washington, D. C.—Further applications could be made of the 
technique described; for example, in the study of foundation conditions in connection 
with such bridges as that over the Chesapeake Bay. 


E. DeGouyer,{ New York, N. Y.—The part in which I found myself particularly 
interested is that showing the practical results obtainable in the oil fields. It must — 
be remarked, however, that in some of our own sea-going oil fields, where the condi- 
tions are less simple, such work might run into greater difficulties. aes 


* Swedish-American Prospecting Corporation. 
+ U. 8. Bureau of Mines. 
t Petroleum Geologist. 
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Interpretation of Resistivity Measurements 


By G. F. Tace,* Lonpon, ENGLAND 
(New York Meeting, February, 1932) 


EARTH-RESISTIVITY measurements are often of service in obtaining 
information regarding geological formations, particularly when applied to 
structural problems. In such problems the masses of the various bodies 
are large, and have a corresponding effect on the average resistivity of the 
soil. Much work has been done using such measurements, but in general 
the method of interpretation employed is empirical. Since certain simple 
cases can be investigated mathematically, it appears to be quite sound to 
endeavor to apply the mathematical solutions to the practical results, 
in order to deduce from the latter 
such unknown quantities as depth. 
This paper deals with such a 
method of interpretation for the 
simple case of a single horizontal 
stratum. 7 S 

In the method described by F i a — 

4 s 1G. 1.—WENNER’S METHOD OF MEASURING 
Wenner! for measuring earth resis- EARTH RESISTIVITY. 
tivity, four stake electrodes are 
driven into the earth in a straight line as shown in Fig. 1. A 
current I amperes is passed between the two outer stakes and 
the potential difference V volts between the two inner stakes is 
measured. Then if a is the electrode separation, the specific resistance 
of the soil, which is assumed to be homogeneous, is given by the formula 


Tames 


SURFACE OF EARTH 


p= nay [1] 


or if “j is called a resistance R ohms, 
p = 2rak [2] 


If a is in inches, p will be in ohms per inch cube, or ohm-inches, and if a is 
in centimeters, p will be in ohms per centimeter cube or ohm-centimeters. 

As stated above, this formula is true only if the earth is homogeneous, 
and when this is not the case an application of one of these formulas 


* Evershed & Vignoles. 
1F. Wenner: A Method of Measuring Earth Resistivity. U.S. Bur. Stds. Sez. 


Paper 258 (1915). 
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INTERPRETATION OF RESIST 


gives only an “‘average’’ resistivity. This “average” is not an 


in the true sense of the word, since the soil nearest to the surface con- 
tributes most to the resistance, and so in this paper the resistivity — 


obtained from an application of formula 1 or formula 2 when the earth 
is not homogeneous is termed an apparent resistivity. This apparent 
value will be affected by the extent of the nonhomogeneity and the 
electrode separation. 


Sincie Horizontal STRATUM 


For a single underlying horizontal stratum, the value of this apparent 
resistivity will be affected by the electrode separation, the depth to the 
stratum, the specific resistance of the surface layer and the specific 
resistance of the stratum. By 
means of a mathematical investi- 
gation, a definite relation can be 
deduced between these various 
quantities and a method of inter- 


SURFACE OF EARTH 


a pretation can be based on it. If, 
ae air oe as in Fig. 2, it is assumed that 
the depth of the stratum is h below 

Pe the horizontal surface of the earth, 


Fig. 2.—APPARENT RESISTIVITY IN RELA- 
TION TO ELECTRODE SEPARATION. 


that the specific resistance of the 
surface is p:, and the specific resist- 
ance of the underlying stratum is pe, it has been shown by Lancaster 
Jones? that the value of the apparent specific resistance p, as obtained by 
an application of equation 2 to the resistance obtained by measurement 
is related to the various quantities involved by an expression of the form 


Be 
Be baka [3] 


F is a function representing the sum of an infinite series and may be 
written 


Eippinies) RE vibe : 
= ‘ 1+ (20) 4+ (aly [4] 
n=1 a a 
in which k has the value (p2 — p1)/(p2 + 1) [5] 


In actual measurements pz and a are definitely known, and p: can be 
determined by very careful measurements at small electrode separations. 
Thus there are two unknown quantities k and h, which have to be deter- 
mined. From equations 3, 4 and 5, it is possible to calculate the value 


? K. Lancaster-Jones: Min. Mag. (1930) 3. 
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of the ratio pa/p: for definite values of k, and of the ratio h/a. The 


_ quantity &, equation 5, may be written in the form | 


cba pi/p2)/(1 + pi/p2). ° 


and is therefore only dependent on the ratio pi/p2. Thus k may have 
any value between +1 and —1. The values of pi/p2 corresponding to 
various values of k are given in Table 1. 


TaBLE 1.—Corresponding Values of pi/p2 and k 


k | p1/p2 | k pi/p2 
I 

1.0 1/ —1.0 Oo 
0.9 1/19 —0.9 19 
0.8 1/9 3 —0.8 9 
0.7 1/5.67 —0.7 5.67 
0.6 1/4 —0.6 4 
0.5 1/3 —0.5 3 
0.4 1/2.33 —0.4 2.33 
0.3 1/1.85 ATE 1.85 
0.2 1/1.5 —0.2 1.5 
0.1 1/1.33 —0.1 1.33 
0.0 1/1 0.0 1 


« Positive values of k correspond with the condition that the lower stratum has the 
higher resistivity, while negative values correspond with the condition that the surface 
layer has the higher resistivity. 


A series of curves can be drawn showing the relationship between 
p2/p1 and h/a for various values of k. When k has positive values, how- 
ever, it is more convenient to express the relation in terms or conductivity 
by plotting the values o,/01 instead of pa/p1, a being the apparent con- 
ductivity as measured = 1 /pa, and o; the conductivity of the surface 
layer = 1/p:. Sets of curves showing the relationship between oa/o1 
and h/a, when k is positive, and the relationship between p./pi, and h/a 
when k is negative are given in Fig. 3. The sets of curves marked A 
correspond with the positive values of & and those marked B with the 


negative values of k. 


MetHop OF INTERPRETATION 


The author suggests that the curves in Fig. 3 can be used to determine 
the depth to horizontal stratum from the practical results obtained. 
The method would be as follows. 

Resistivity measurements are first made with one or two small 
electrode intervals, the electrodes in each case being symmetrically dis- 


138 


posed along the traverse about the selected station. These will enable 
a fairly accurate determination of p: to be made. 
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Fia, 3.—RELATION OF oa/o1 AND pa/pi TO k. 


carried out at larger electrode intervals, 150, 200, 250 ft., and so on. 
For each of these electrode intervals a value of p./p: can thus be obtained, 


VALUE OF fi/a 


INTERPRETATION OF RESISTIVITY MEASUREME 


—4 


Then further tests are 


— 
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_ If these ratios are less than unity, it is possible to read off from the 
curves in Fig. 3 a series of values of h/a and k corresponding to each value 
of p./p:. Since the value of a, the electrode interval, is known, these 
can be converted into a series of values of handk. Thus for each value of 
electrode separation, there will be a series of these corresponding values 
of h and k. If these series of values are then plotted as curves of k 
against h, they should intersect at a point corresponding to the value of 
h equal to the depth to the stratum. It can hardly be expected in practice 
that they will intersect in a point, but they should intersect in a fairly 
small area, and thus give a close indication of the value of h and inciden- 
tally of k. When the ratio p./pi is greater than unity, its reciprocal 
o,/o1 must be taken. Then on referring to the curves A in Fig. 3, a 
similar method can be used to deduce the value of h. 


EXPERIMENTAL SURVEY 


In order to test out this theory an experimental survey was carried 
out. To do this satisfactorily, it was necessary to obtain a site where 
the geological conditions conformed as closely as possible to those assumed 
in the mathematical investigation. The Director of the Geological 
Survey of Great Britain was asked to suggest a site where there was a 
single underlying stratum practically horizontal, and the surface was 
approximately level. A number of suitable sites were suggested, and the 
one finally chosen was on Cleeve Hill Common near Cheltenham, Glou- 
cestershire. Permission to carry out tests was kindly given by the Board 
of Conservators of Cleeve Common. The surface material of this com- 
mon is limestone overlain by about 6 in. of loam. The depth of this 
limestone varies from 50 to 266 ft., and underneath the limestone is 
either sand or clay. Sites were selected on the Common which were 
practically level, and large enough for the tests. Tests were carried out 
at two stations, which were termed A and B. The apparatus available 
for the tests consisted of a Megger Ground Tester and a potentiometer- 
milliammeter equipment with reversing commutators. 

It is interesting to note in the experimental results that the agreement 
between these two sets of apparatus was within a very few per cent. 


ReEsutts AT STaTIon A 


The electrodes were placed on a line running approximately north 
and south, and tests made at electrode intervals varying from 20 to 500 ft. 
The results of these tests are plotted in the form of curves of varying 
specific resistance against electrode interval in Fig. 4. These curves 
show an increase in the specific resistance with increasing electrode 
separation, which indicates that the resistance of the underlying stratum 
is higher than that of the surface material. It was first necessary to 
obtain a value for the average specific resistance of the surface limestone, 


140 INTERPRETATION OF RESISTIVITY 1 IMENTS = 


and to do this, the values obtained at electrode intervals up to 70; t 
were averaged. This average value is 6703 ohm-in. From the exp 


STATION A 
‘ MEGGER EARTH TESTER + 
EXPERIMENTAL POINTS « 
CURVE 
POTENTIOMETER EQUIPMENT = 


EXPERIMENTAL POINTS 


APPARENT SPECIFIC RESISTANCE IN.OHMS PER INCH CUBE 


VALUE OF ELECTRODE INTERVAL ‘a’ IN FEET 


Fia. 4.—SPECIFIC RESISTANCE IN RELATION TO ELECTRODE INTERVAL, STATION A. 


mental curve, a series of values of the apparent specific resistance and 
electrode interval were read off and the ratio pa/p:; determined for each 


y+ 
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interval. These ratios were greater than unity, and so the reciprocals 


corresponding to c./o: were obtained (Table 2). The values of oo/01 
were then referred to theoretical curves A in Fig. 3, and a series of 
corresponding values of h/a and k read off for each value of oa/o1. These 
values and the corresponding values of h are given in Table 3. This 


TasLeE 2.—Resistivities at Station A 


i 


Ree ie Ted sil . Ratio, pa/pr Ratio, oa/e1 
pe ee a a Le ee ee oe ce 
150 8,960 1.338 0.748 
200 10,740 1.601 0.625 - 
250 12,320 1.840 0.544 
300 13,860 2.068 0.483 
350 15,220 2.270 0.441 
400 16,480 2.460 0.407 


ee SS eee 


Tasie 3.—Values of k at Station A 


Se SD Se a 


150 Ft. 200 Ft. 250 Ft. 300 Ft. 350 Ft. 400 Ft. 


e 
of | cc/o1 = 0.748 | ca/o1 = 0.625 | co/o1 = 0.544 ga/o1 = 0.483.| oa/o1 = 0.441 | oa/o1 = 0.407 


0.785 | 118 | 0.525 105 | 0.39 97.5) 0.295 74 | 0.226 78 | 0.17 68 
0.4 | 0.66 99 0.42 84 | 0.27 67.5) 0.16 40 | 0.06 21 
0.3 | 0.525 79 0.26 52 | 0.03 7.5 
0.2 | 0.315 47 
0.1 


table shows that the values for k = 0.7 agree very closely, but to obtain 
the exact values, the figures in Table 3 were plotted in the form of the 
curves given in Fig. 5. The six curves intersect in a small area, and the 
center of this area gives a value of h of 142, and the value of k of 0.702. 
This means that the thickness of limestone at this point is 142 ft., and 
so far as it was possible to judge from the geological map, this was 
approximately correct. 


Resutts AT Station B 


At this station tests were carried out with the electrodes on both the 
north-south and east-west lines, but while the results obtained on the 
north-south line are for electrode separations varying from 20 to 400 ft., 


= 


142 


those on the east-west line were obtained only for electrode intervals 
varying from 20 to 240 ft. The results are all plotted in the form of . 


curves of apparent specific resistance against electrode interval in Fig. 6. 
The average value of the specific resistance of the surface layer was found 
to be 45,700 ohm-in., on adopting the same procedure as at station A. 
This value is very much higher than that obtained at station A, although 
the material in both cases is limestone. The probable explanation of 
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VALUE OF fh IN FEET, 
Fig. 5,—VALUES OF k IN RELATION TO DEPTH OF STRATUM, STATION A. 


the difference is that at station A the stratum under the limestone was 
clay, which would keep the limestone waterlogged and thus of a low 
resistance, while at, station B the stratum was sand, which would permit 
water to filter away, leaving the limestone comparatively dry and thus of 
a higher resistance. In this case the experimental curves show a decrease 
in the apparent specific resistance with increasing electrode interval, 
thus showing that the resistance of the underlying stratum is lower than 
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that of the surface material. Again, as at station A, a series of values 
of the apparent specific resistance were read off the curves for a number 
of electrode intervals, and the values of p./p1 calculated for each (Table 4). 


STATION B 


MEGGER EARTH TESTER RESULTS N-S LINE 
—bdo— E-W LINE 
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3 Fic. 6.—SPECIFIC RESISTANCE IN RELATION TO ELECTRODE INTERVAL, STATION B. 


For each of the values of pa/p: in the last column, a series of values of 
h/a and k were read off curves B in Fig. 3, and from these, corresponding 
values of & and h were deduced. These figures are all given in Table 5. 


| TABLE 4.—Resistivities at Station B 


Electrode Separation, Ft. pa pa/p1 
150 36,800 | 0.805 
200 32,000 0.700 
250 27,400 0.600 
300 23,000 0.503 
350 19,400 0.424 
400 15,500 0.339 


ee 


The values of h and & from this table were plotted in the form of carves) 
and are given in Fig. 7. The center of the area of intersection of the 


} Pr, 


| Loses miele a inlaa 
I ce bine eli | 
(ECE ae nie ots bao tt hatha easter tl 
lin Fad Pdr 
Oak a i a i i A i es es 
SERRSERRER SEER am mrcs oee 
RES E SSE SS eRe sme wa yi) ydlsaw 
Se el ss Sl 
alae i a ik ie 
SEE EEEE PERE EEE SSP 
tl 
[ccc wees? <a em 
JES ERP EE LER ES Asse : 
@ COCO rer ‘ 
oO) sn lc 7 i i 4 
SS SRR SREEena 7 eee ee 
| CORE CEP EASE SS 
(I Ceri 
J SEEREESSSsitasa Sika a 
Fa a al ec 
Ee seca Ga Ga Sa 
SEERA, AREF recat : 
a a Gn aid ed 
CCCP ESS ae 
SaaS as iG uhm ink, a, 


VALUE OF a FEET 


Fia. 7.—VALUES OF k IN RELATION TO DEPTH OF STRATUM, STATION B. 


curves gives a value of 156 ft. for h and —0.6 for k. This value of h 
against k agrees closely with that estimated on the geological map. 


CONCLUSION 


From the experimental results it appears that the method of inter- 
pretation based on theoretical considerations given yields satisfactory 
results when the geological conditions conform to those assumed in the 
mathematical investigation. It is possible that similar theories and 
methods of interpretation can be worked out for other forms of geo- 
logical structure. 


DISCUSSION” 


‘Tasie 5.—Values of k at Station B 


150 Ft. 200 Ft. 250 Ft. 300 Ft. 350 Ft. 
Loy pa/p1 = 0.805 pa/p1 = 0.700 pa/p1 = 0.600 pa/p: = 0.503 pa/pi = 0.424 
h/a | h h/a h h/a hk h/a h h/a | kh 

—1.0 | 1.29 194 | 1.025 | 205 | 0.870 | 217 0.760 | 228 0.680 | 238 
—0.9 | 1.225! 184 | 0.98 196 | 0.820 | 205 0.710 | 213 0.625 | 218.5 
—0.8 | 1.16 174 | 0.92 184 | 0.775 | 194 0.646 | 194 0.570 | 199 
—0.7 | 1.1 165 | 0.86 L72 ee L eel Ta 0.595 |179 0.505 | 177 
—0.6 | 1.015 | 152 | 0.79 158 | 0.64 /|160 0.520 | 156 0.425 | 149 
—0.5 | 0.940 | 141 | 0.71 142 | 0.55 | 137.5) 0.430 | 129 0.322 | 113 
—0.4 | 0.825 | 124 | 0.60 120 | 0.45 | 112 0.295 | 88.5 
—0.3 | 0.695 | 104 | 0.47 94 | 0.28 70 
—0.2 | 0.5 75 | 0.22 44 
—0.1 
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DISCUSSION 


(Donald H. McLaughlin presiding) ‘ 
T. Zuscuuac,* New York, N. Y.—My experience has been that attempts to base 


an interpretation upon rigid formulas of the type given generally end in disappoint- 
ment because of the impossibility of determining accurately the value of the sur- 
face resistivity. The value of surface resistivity changes with the direction in 
which it is measured, and with the spacing of the electrodes, so good results may be 
obtained in some cases but not in others. Consequently, the method should be used 
with discretion. 


K. Sunpsera,t Stockholm, Sweden.—The Tagg method is applicable only in the 
two-layer problem. Generally, the field problems are more complicated than that 
because several layers are encountered. For these another method can be followed, 
which is effective but simple. 

As shown by Hummel and others, the apparent resistivity p for a two-layer 
combination approaches a definite limit pim for infinite distance between the electrodes 
in potential measurements, using Wenner’s or similar arrangements. The value of 
plim is obtained from the following: 

fa hag oh 
Plim = Pi pa 
where p: = specific resistance of upper layer. 
hi = thickness of upper layer. 
p2 = specific resistance of lower layer. 
ho = total thickness of upper plus lower layer. . 

Hummel has shown that the potential distribution on the surface of the upper 
layer in points at a long distance from the power electrodes compared with the total 
thickness h2 is approximately identical with the potential distribution for a single 

dh eee 


[a] 


* Research Engineer. 
+ Managing Director, A. B. Elektrisk Malmletning. 
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aie ' ny 7 
layer with thickness h2 and specific resistivity pim. If a third layer exists below he 
second, the potential distribution on the upper surface of the top layer in poi : 
considerable distance from the power electrodes compared to the total thickness of 
the layers may be obtained by substituting similarly the three layers by one, and so © 
on (substitution principle). a 

It is further generally recognized that the potential distribution close to a power 
electrode practically is determined only by the electrical properties at shallow depth 
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Fig. 9.—INTERPRETATION OF APPARENT RESISTANCE CURVE (SOLID) BY THREE Two- 
LAYER CURVES (a, b, c). 


and that with increasing distance from the electrode deeper and deeper strata have 
to be taken into consideration in calculating the potential distribution. The potential 
distribution for a two-layer combination, consisting of a top layer of certain thickness 
and a lower layer of infinite thickness, has been investigated by Hummel, Tagg 
Hedstrém and others and diagrams have been constructed, giving for Ghatenie aie 
apparent specific resistivity at different distances from the power electrode. Such 
diagrams may be referred to as “two-layer diagrams.” 


ea 
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The method of interpretation I have referred to consists in making a series of two- 


layer interpretations, using “two-layer diagrams” in combination with the “sub- 


stitution principle.” To further illustrate this method of interpretation, I submit 
Figs. 8 and 9. Fig. 8 illustrates the theoretical correctness of the method and Fig. 9 
shows an example of an actual interpretation. The solid curve in Fig. 8 represents 
the variation of the apparent resistivity according to theory for the three-layer condi- 
tions. Assuming the third layer to be absent and the second layer to extend to 
infinite depth, we obtain from the two-layer diagram the dashed apparent-resistivity 
curve I. Substituting one layer for the two top layers, we obtain as specific resistance 
for this layer, according to formula A, the value 0.67. The second two-layer combina- 
tion consequently consists of a top layer of specific resistance 0.67 above a medium of 


specific resistance.2, for which combination we obtain the apparent-resistivity curve II. 


The figure shows that the actual apparent-resistivity curve (solid) coincides well 
with curve I for small electrode distances and with curve II for large electrode distances. 


‘Consequently, the first mentioned curve may be divided into pieces, for which two- 


layer conditions approximately apply. These pieces, therefore, may be interpreted 
with the help of “two-layer diagrams.” Fig. 9 shows an example of such interpreta- 
tion. The solid curve represents the actual apparent resistivity according to measure- 
ments; the dashed curves a, b and ¢ were obtained from a two-layer diagram, applying 
the substitution principle. The final solution in this case is found to be: 


DeptH METERS Speciric REsisraANcE DeprH METERS Sprciric RESISTANCE 
0-10 i 40-100 0.2 
10-40 3 Over 100 3.1 


J. Fisner,* Houghton, Mich.—You spoke of two examples of interpretation, one 
where pi was greater than pz, and the depth to bedrock was predicted to be 142 ft. 
The other case was where p2 was the greater, and the predicted depth was 156 ft. How 
closely did these predictions check with the facts? 


E. G. Lzonarpvon, t Paris, France.—I agree that the ideas expressed in Mr. Tagg’s 
paper are essentially correct, but in field work it is never known beforehand whether 
the problem being approached is a two-layer, a three-layer, or a many-layer one. 
Hence the operator is under a considerable handicap in the interpretation unless he has 
prepared beforehand a series of diagrams showing the theoretical possibilities in 
numerous and various cases. 


M. K. Hussert, t New York, N. Y.—In some of my field work I attempted to use 
Tagg’s curves. The depth indicated by the Tagg curves proved to be as much as 50 
per cent in error, however.* 


G. F. Taca.—I am much interested in the development of the two-layer solution 
described by Mr. Sundberg, in order to make it applicable to multilayer problems. 
This appears to be a useful development. 

It has been pointed out several times that all these methods depend on an accurate 
measurement of the surface resistivity, and I do think that this point has been some- 
what overaccentuated. In one or two tests I have found that the specific resistance 
of the surface layer may be considerably in error without preventing a fairly accurate 
interpretation of the results by the method described. 

Mr. Fisher asks how closely the predicted values of 142 and 156 ft. agreed with the 
actual values. The true depth of the limestone was between 145 and 150 feet. 


Head, Department of Mathematics and Physics, Michigan College of Mining 
and Technology. 
+ Société de Prospection Electrique. 
t Instructor in Geophysics, Columbia University. 


Interpretation of Three-layer Resistivity Curves 


By Sytvain J. Prrson,* GoupEn, Coro, 
(New York Meeting, February, 1934) 


Tux question of the interpretation of apparent resistivity curves is — 
still a much disputed subject although the discussion has been going on 
for several years, mainly since Gish and Rooney! made their first meas- 
urements on the Tidal Basin at Washington, D.C. Asa first approxima- 
tion, they interpreted the depth to a horizontal discontinuity in terms 
of the electrode spacing at which a maximum or a minimum occurs _ 
in the resistivity curve. Later on, Lancaster-Jones? proposed a closer 


approximation of depth determination by evaluating the depth to a 


horizontal discontinuity as the two-thirds of the electrode spacing at 
which a point of inflection occurs in the resistivity curve. An accurate 
determination of the depth was recently proposed by Tagg’ for a two- 
layer problem. It is a graphic solution of the problem by means of 
charts calculated from the formula of the apparent resistivity based 
on the theory of electrical images. Tagg’s method is theoretically 
sound but the fact that the layers have been assumed to be homogeneous 
and isotropic must not be overlooked. Abusive use of the method has 
been made by geologists who have failed to recognize the fact that nature 
offers only few cases where the conductivity of the rocks may be assumed 
to be the same parallel and perpendicular to the bedding plane. Actually 
the ratio of the two resistivities in those directions may take values 
ranging from one (isotropic medium) to three for shales. In such condi- 
tions Tagg’s method leads to disappointments. > . 

A method recently advocated by Manhart‘ and Tattam® forces 
Tagg’s method to give a solution where manifestly the case under 


Manuscript received at the office of the Institute Jan. 22, 1934. 

* Instructor in Geophysics, Colorado School of Mines. 

10. H. Gish and W. J. Rooney: Measurement of Resistivity of Large Masses of 
Undisturbed Earth. Terr. Magnetism and Atm. Elec. (December, 1925) 30, 261-88. 

* EK. Lancaster-Jones: The Earth Resistivity Method of Geophysical Prospecting. 
Min. Mag. (1930) 42, 355-60 and 43, 19-28. 

*G, F. Tagg: Interpretation of Resistivity Measurements. See page 135, this 
volume, 

‘4T. A. Manhart: Contributions to the Interpretation of Resistivity Curves. 
Master’s Thesis, Colorado School of Mines, April, 1932. 

°C, M. Tattam: Application of the Electrical Resistivity Method of Geophysical 
Prospecting to Problems of Underground Water. Doctor’s Thesis, Colorado School 
of Mines, April, 1932. 
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investigation does not satisfy the requirements and simplifications that 
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were necessary to establish the formula of apparent resistivity. The 


- method may give a solution indifferently under isotropic or nonisotropic 


conditions. Although the method is of a certain value in isotropic 
ground, it would not be advisable to use it without ascertaining the ground 
conditions. In a nonisotropic ground, the error made may be as high 
as 50 per cent. 

The author of the present article proposes the following “successive 
approximation method” for the interpretation of resistivity curves when 
Tage’s charts are applied to the solution of a three-layer case. The 
steps are as follows: 

1. Average the resistivities of the surface formation for electrode 
spacings smaller than one-third of the estimated depth to the second 
layer. This will give an average value of the resistivity of the top layer 
pi. Very careful measurements must be made in the field and precau- 
tions should be taken to prevent the depth of penetration of the electrode 
stakes from exceeding one-fifth of the electrode spacings. It is recom- 
mended that measurements be made for different values of the current, 
of the commutating frequency, and at different locations along the 
electrode spread. Since the value of the method depends largely on the 
accuracy with which the resistivity of the top layer is known, too much 
precaution cannot be taken in this determination. 

2. The value of p: is plotted to scale on the resistivity axis and a 
graphic approximation curve is drawn from p; meeting tangentially the 
first part of the resistivity curve. 

3. Resistivities are read for several electrode spacings on the curve 
just drawn and Tagg’s method is applied to that first part of the curve. 
The process yields the resistivity of the second layer pe, the thickness of 
the first layer hi, and the resistivity factor ki = = 

4. The depth to the third layer is estimated by Lancaster-Jones’ 
method. Thus hi + he = 24d where d is the spacing at which occurs 
the inflection point comprised between the two lower maximum curva- 
ture points. 

5. The apparent or equivalent resistivity p1’ of the two layers of 
resistivities p1 and p2 in parallel is calculated by Kirchhoff’s law: 

: hs tha _ fa I 


pi’ Pl p2 


6. Tagg’s method is then applied to the lower part of the curve. 
A more accurate depth hi + he’ than the one previously estimated is 
then obtained by tracing the curves of depth-resistivity factor. When 
they converge in a small area, the depth hi + hz’ and the resistivity 
factor kz; = ps ~ P2 .. known with a fair degree of accuracy. From 


- p2 + ps3 
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this expression of kz, the value of the resistivity ps of th 
supposedly of infinite vertical extent can be calculated. | +r Lan 

7. If the degree of accuracy with which hi + he! is obtained 
considered sufficient, the process may be repeated by using hy t 
instead of 24d in the calculation of the equivalent resistivities 


the two top layers. A value p:” will be obtained for the equivalen b 
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Fic. 1.—THEORETICAL CURVES FOR RESISTIVITY BLECTRODE SPACING. 


resistivity of the two upper layers and a more accurate value of hi + he’ 
will be found for the depth to the third layer. In other words, the 
mathematical process known as the ‘‘successive approximation method” 
is proposed. 
As an example of the method, a theoretical case will be first investi- 
gated. . 
The theoretical resistivity curve (Fig. 1) calculated by Hummel® 
for the respective resistivities and thicknesses: 
Pi: po:p3 = 1:3:0 
hithe:hs = 1:3: 0 


as given in Fig. 5 of the reference, will be used here. Suppose that the 


‘J. N. Hummel: Der scheinbare spezifische Widerstand bei veir planparallelen 
Schichten. Zisch. f. Geophysik (1929) B56, 228-238 (Fig. 5). ; 


‘Spacing is in feet and the resistivity in foot-ohms. The resistivity of 
the surface formation is assumed to be 100 foot-ohms. 


. Fig. 2.—DEPTH-RESISTIVITY FACTOR, CURVES OF UPPER PART. 


Since we deal here with a theoretical case, steps 1 and 2 can be over- 
looked and we proceed directly with step 3. The ratio - is computed 
for spacings 5, 10, 15, 20 and 25 ft. Table 1 is then obtained by using 


TABLE 1 

p/pa | 0.945 | 0.835 | 0.715 | 0.650 | 0.607 

a 5 | 10 | 15 | 20 | 25 

h h h hi h 

ky = hi | x hi =< | hi | Ga hi | — | hi 
OM 8 OF76 53.8 Oeltie 1.7 
0.2 | 1.13| 5.65] 0.55) 5.5) 0.21 3.16 
0.3 14. 107.08 |eO877| =727 16.0744 6.60 | 0.3 6.0 
Qed |G. 12S. 07 rOrd 9.0} 0.58 8.62 | 0.45 9.0 0.21 fy, 25 
0.5 |1.77| 8.9 | 1.01] 10.1] 0.70 | 10.5 0.56 11.2 0.37 9.25 
0.6} 1.88) 9:4 | 1.18} 11.3} 0:79 | 11.85 0.66 13.3 0.47 | 11.9 
0.7 | 1.98] 9.8 | 1.23] 12.3] 0.88 | 13.20 0.75 15.0 0.58 | 14.6 
0.8 1.33] 13.3] 0.96 | 14.40} 0.82 16.4 0.66 | 16.5 
0.9 1.42| 14.2} 1.02 | 15.40] 0.89 17.8 0.74 | 18.5 
iO 1.51! 15.1] 1.10 | 16.60 | 0.96 19.3 0.81 | 20.6 
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Tage’s charts.? From this table the depth-resistivity factor curves 


are traced (Fig. 2), which show that the convergence of the curves is 
not definite. This is due to the fact that, even for small electrode spac- 
_ ings on the ground, the influence of the lower medium is not negligible. 


However, the coordinates of the center of gravity of the converging 
1.0 
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Fic. 3.—D5ptTu-RESISTIVITY FACTOR, CURVES OF LOWER PART. 


area are k, = 0.48 and h; = 9.8, whereas the assumed value of hy 
: . 300 — 100 
is 10 and of ki 18 300 + 100 = 0.5. 
In step 4, we estimate the depth to the third layer as being hi + he = 

40 ft. The equivalent resistivity pi’ of the upper two layers in parallel 
is given by: 

40 _ 10 , 30 

pr 100 300 


and p;’ = 200 foot-ohms. By applying Tagg’s method to the lower 
part of the resistivity curve, using pi’ as the resistivity of the surface 
formations, Table 2 is obtained. 

The curves of depth-resistivity factor are plotted from Table 2 in 
Fig. 3. For electrode spacings of 50 to 90 ft., a very good convergence 
is obtained at the point where coordinates are hi + he’ = 39 ft. and ky = 
0.96, which are practically the theoretical values assumed for the mathe- 


matical computation of the curve. For the electrode spacing 30 and 


7 Reference of footnote 3. 
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Fig. 4.—CuRvVE OF RESISTIVITY-ELECTRODE SPACING. 


500 


40, no convergence of the curves is obtained, which indicates that for 
such spacings the upper layers have an effect on the apparent resistivity 
that cannot be neglected. 

A practical example worked from an actual resistivity curve follows: 
The problem is one of water-table determination, which was worked 


TABLE 3 

a 10 | 20 | 40 60 | 80 | 100 

pi/pa| 0.982 | 0.920 | 0.718 | 0.582 0.505 0.463 

ky | hs hi | he | hi | mM hi | ih | hi | & hi 

0.1 0.576} 15.2 
0.2 i] 0.920) 18.4]0.228) 9.5 
(We) ‘3 1.17 | 23.4)0.450) 18.0/0.156) 9.3 
0.4 oF 1.33 | 26.6] 0.588) 23.5/0.331] 19.9] 0.190] 15.2/0.088 8.8 
O05 K 1.51 | 30.2/0.709) 28.3 | 0.436} 26.1] 0.323] 25.81 0.253 25.3 
0.6 z 1.625) 32.5] 0.799) 31.9|0.540} 32.4]0.422) 33.7] 0.357 30.7 
0.7 ro) 1.765) 35.5 | 0.889) 35.6] 0.621) 36.6/0.497| 39.8|0.433 43.3 
0.8 A 1.835] 36.7] 0.969} 38.7|0.700}) 42.0|0.579! 46.3] 0.510 51.0 
0.9 1.095} 38.1] 1.039} 41.5|0.770| 46.0] 0.648] 51.810.578 57.8 
10 2.00 | 40.0} 1.118) 44.8] 0.834) 50.0]0.707| 56.4| 0.640 64.0 
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by Tattam.® It is a typical three-layer curve (Fig. 4) with some irregu- 


larities of the order of the error of observations expected with the equip- 
- ment in use. Therefore they are smoothed out before calculations are 


made. The observations were taken in an area underlain by valley fill 
at about two miles from two wells that encountered water at 271 ft. 
Consequently the cone of exhaustion was not expected to have an 
appreciable effect in the area where the measurements were taken. 
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According to the method developed here, the three first values of 
the resistivities are averaged, which gives }4(428 + 611 + 932) = 
p1 = 657 foot-ohms for the resistivity of the top layer. The graphic 
approximation curve a is then traced, meeting the original curve tan- 
gentially. This curve is used to determine the thickness of the upper 
layer by the application of Tagg’s method, which gives the figures of 
Table 3. The curves of depth-resistivity factor plotted from Table 3 
on Fig. 5 converge in a small area, consequently the depth determination 
to the second layer may be considered good. h; = 33 ft. and k; = 0.6; 
thus the value of the resistivity of the second layer is 


1+h 


pee Tr = 2630 foot-ohms. 


1 


8 Reference of footnote 5, curve 26. 
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= 


aon a rs ’ © r= iy SE ee . 
making use of the inflection point on the lower part of the curve 


_ situa d approximately at the electrode spacing 300 ft., the total thick- 
“ness of the two top layers is estimated at 


hi-ho = 34 300 = 200 ft. 


7 = 
Thus 
hz = 200 — 33 = 167 ft. 


The equivalent resistivity of the two upper layers in parallel is then given 
by 


200 _ 88 | 167 
, pi’ 657 2630 


and pi! = 1755 foot-ohms. By the application of Tagg’s method to the 
lower part of the curve, Table 4 is obtained. 
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Fig. 6.—Dxpru-RESISTIVITY FACTOR, CURVES OF LOWER PART. 


The curves of depth-resistivity factor computed from Table 4 give 

a good area of convergence (Fig. 6) for which the coordinates are 

hi + he’ = 187 ft. and k, = 0.58. The value of the resistivity of the 
0.42 - 

lower medium is obtained by ps = 1755 X 158 ~ 467 foot-ohms. If a 

ximation for the depth to the third layer is desired the 


better appro 
ad of 200 for the calculation 


process may be repeated using 187 ft. inste 
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of the equivalent sresisuie ad of the upper two I 
ever, one determination gives a cbse: enough approxim 2 


Conerenvars 


The present method of interpretation offers a means of : arimeaa 
three-layer pine ie curve, the thickaeess and resistivities of, 


of this method. he a Rae error sh 5 i 10 per fiend can 
be expected in isotropic conditions. Corrections must be made when 
the ground is anisotropic. In particular, evidences of non-equal aniso- 
tropy of the individual layers will be indicated by the absence of a 
satisfactory area of convergence of the curves of depth-resistivityfactor. _ 


|); ee Pr ag _- 


9 Since this writing, the author has studied the cases of equal and different aniso- 
tropies in the sedimentary formations. Theoretical resistivity-depth curves have 
been computed for varying anisotropy coefficients. By superposition with the curve 
of Fig. 4, the anisotropy coefficient was estimated to be 2. The theory shows that 
the method described here is still applicable in cases of equal anisotropy coefficients 
and that the depths obtained must be multiplied by the square root of the anisotropy 
coefficient.» Consequently the depth to the water table, as given by the present 
method, is 187 X 1/2 = 264 ft. This theory will appear in the Transactions of the 
American Association of Petroleum Geophysicists. 


Some Observations Concerning Electrical Measurements in 
Anisotropic Media, and Their Interpretation 


By C. anp M. ScHiUMBERGER AND E. G. Lronarpon* 
(New York Meeting, February, 1933) 


In the search for practical geological problems amenable to solution 
by the potential methods, the geophysicist is led to study mathematically 
various theoretical cases. In these idealistic discussions, the media 
under consideration are generally supposed to be homogeneous and iso- 
tropic. The geophysicist, of course, realizes perfectly that these condi- 
tions do not occur in their entirety in reality. However, the assumptions 
made are justified, because very often they are necessary in order to 
render possible an exhaustive study of a given problem, which otherwise 
would be too complicated, and would not lend itself to a complete mathe- 
matical analysis. 

Of the above two assumptions, that concerning the homogeneity 


‘of a given geological formation is satisfactorily realized except in so far as 


isotropy is concerned, since this property is not often encountered in 
practice. As a consequence, it is very desirable for the geophysicist to 
have quite an extensive knowledge of the properties of anisotropic forma- 
tions, and of the laws that govern the propagation of electric current 
therein. With such principles in mind, he will be able to decide whether 
the conclusions arrived at in simple, isotropic conditions are still correct 
in more complex cases, or in what way they must be modified or adapted 
in order to constitute a sound basis for the interpretation of the results 
obtained in anisotropic media. 

On the other hand, the fact that in anisotropic formations the mobility 
of the ions is greater along the strike than perpendicular thereto 
can be utilized for determining the direction of the dip by induc- 
tion measurements. 

We therefore propose to study in three successive chapters the follow- 
ing points: . 

1. Propagation of the electric current in anisotropic media. 

2. Some consequences of the anisotropy of geological formations with 
reference to the surface electrical measurements, and their interpretation. 

3. Determination of the direction of the dip of anisotropic formations 
by surface induction measurements. 


* Compagnie Générale de Géophysique, Paris, and Schlumberger Electrical 


Prospecting Methods, New York. 
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It is a well-known fact that in stratified rocks the strike offers a par of 
ticularly favorable path for the propagation of electric current. The © 
reason for this property is that a great number of mineral crystals possess 
a flat or elongated shape (mica, kaolin, etc.). At the time of their pre- _ 
cipitation, they naturally took an orientation parallel to the sedimenta- — 
tion. The fissures in the rocks are, therefore, parallel to the strike, and 
it is along these fissures, which are saturated with imbibed water, that 
the electric current travels with the greatest facility. Such rocks, there- 
fore, do not possess the same conductivity in all directions. They 
are anisotropic. 


Coefficient of Anisotropy 


For a clearer comprehension of the phenomenon of the propagation 
of current in anisotropic media, we propose to discuss the simple and 
idealistic case of a terrain composed of two thin, homogeneous, isotropic 
layers 1 and 2, the respective thicknesses and resistivities of which are 
hy; and he, and r; and re. 


Along the strike, the resistivity r; of this formation will be given by:? 


Aithe _ hi he 
obi aan z 


In the same way, the resistivity characterizing the propagation of cur- 


rent perpendicular to the direction of the beds r,, will be given by the 
formula :* 


ri(hi + he) = ryhy + rehe . [2] 


The ratio = characterizes the fact that the medium conducts the current 


along the strike better than perpendicular to it. The coefficient: 


r= ft 

Tl 

which gives an idea of this property, is called the coefficient of aniso- 
tropy. If 


= 
to 
& 
aes 
i) 
ll 


1In certain instances, the direction of fissility is a consequence of mechanical 
stress due to tectonic movements which occurred a long time after deposition of the 
sediments, and is not coincident with the strike of the formations. 
the case with metamorphosed shales and slates. 

* Application of Kirchhoff’s law to conductors connected in parallel, 

* Application of Kirchhoff’s law to conductors connected in series. 


This is especially 


oN See 
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£ (2 > { r 
. ‘the value of = can be drawn from equations 1 and 2, as follows: 


re Sey See aC + m)(1 + em) (3] 
7) oe (1 + e)? m 
It is interesting to remark that the value of ) is not modified when e is 
replaced by .. It is thus possible to interchange the thicknesses of the 


layers 1 and 2 without modifying the coefficient of anisotropy of the 
medium under consideration. This result has already been indicated by 
one of the authors.+ 

In the particular instance where hi = he, the following simple expres- 
sion is obtained: 
ll+m 
B iaaieens | ia] 
This formula is evidently correct for a series of infinitely thin alternating 
layers, and makes it possible to get an idea of the order of magnitude of » 


: ag ; 
for various values of the ratio me These values are shown in Table 1. 
2 


te 


TasLE 1.—Values of Ratio r1/rT2 


Values of 5 | Xr Observations 
ee et eee 
2 1.06 Low anisotropy. 
4 1.25 Anisotropy frequently observed in common rocks. 
10 1.74 High anisotropy, still frequently encountered. 
20 2.35 Very high anisotropy ; unusual. 


Average Resistivity 


In addition to the longitudinal and transversal resistivities, it is useful 
to consider the mean square root of their product, which is called the aver- 
age resistivity of the anisotropic medium 7r,, as follows: 


Cm = VJ rirt [5] 


Between X, 71, 7: and 1m, there exist the following relations: 
1 
Tm = dL = xe [6] 


Path of the Current in an Anisotropic Medium 


We now propose to study how the current travels in an anisotropic 
medium, and we will first discuss the simple case of a parallel current. 


4C, Schlumberger: Etude sur la Prospection Electrique du Sous-sol. Gauthier- 
Villars, Paris, 1920. Reprinted in 1930. 
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Suppose that this current makes an angle a1 wit th e 
beds in the medium 1, and that it is refracted in the m di 
an angle az with the same direction (Fig. 1). Asis k 
angles a and az, there exists the relation: 


tanoy _ 71 - 7] 
tana, fe 


; eae ~ wag 
If the layers become infinitely thin, maintaining, however, the ratio ra 


between their thicknesses, the direction of the current will finally be AC, ; 
at an angle C to the strike. Between C, a: and az there is the relation: 


hi + he = hi he [8] ; 
tanC tana, tan ae a 


In each medium, the equipotential surfaces are perpendicular to the 
direction of the lines of current. The surface passing through A is per- 


EL 
Fia. 1—PRoPAGATION OF A PARALLEL CURRENT IN A MEDIUM CONSTITUTED OF TWO 
LAYERS. 


pendicular to AB. It is shown as AD in medium 1, and prolonged as 
DE in medium 2. The direction DE is perpendicular to BC. When the 
layers become infinitely thin, the equipotential surface finally makes an 
angle H with the strike, and between EH, a1 and az there is the relation: 


h h 
a ts = hy tan ay + he tan ae [9} 


From equations 8 and 9 we deduce: 


~~ 


7 tr eee ee lle eo 
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and, taking into consideration equation 7 we easily obtain: 


i SC ee 7 
tanCtanE mr oy 


which may also be written: 


1 1 
tan B- | Xp =P [11] 


Consequently, the equipotential surfaces are no longer perpendicular to 


the lines of current. Such a proposition would be true only if the condi- 
tion of perpendicularity 


1+ tan C tan (xr — Z) = 0 [12] 


were realized, a condition that necessitates \ = 1 (isotropic medium). 


Fic. 2.—PROPAGATION OF AN ELECTRIC CURRENT SENT FROM A PUNCTUAL SOURCE 
INTO AN ANISOTROPIC MEDIUM. 


In the case of a punctual source of current O, the lines of current are 
straight lines passing through O (Fig. 2). This proposition is evident, by 
reason of similitude. The picture of the electric field is necessarily inde- 
pendent of the scale. The direction of the current at two points Rk and 
R’, located on the same radius OR, is therefore the same, and must pass 
through O. 

Also, by reason of symmetry, the equipotential surfaces are surfaces 
of revolution around an axis OY perpendicular to the strike. 

This being admitted, let us take two axes of coordinates OX and OY, 
passing through the source of current and respectively parallel and per- 


pendicular to the stratification, and let us determine t 
equipotential curve located in the plane of the figure. In th i 
we have: Fulani 


tan C = - tan # ama Po 


which necessitates for the equipotential curves located in the plane of ce, 
the figure the differential relation: 


tan C X tan = == - fae 


As is known, this relation, which may be written 
d(x)? + d(ry)? = 0 
corresponds to a family of ellipses, 
| a? + y? — M? = 0 [15] 
the greater axis of which is parallel to the strata. The equipotential 


surfaces are flattened ellipsoids of revolution around the axis OY per- 
pendicular to the strike. If we make a = OA and b = OB, the great 


and the small semi-axes of such an ellipsoid, the ratio ; is equal to ». x ; 

If \ = 1 (isotropic medium), the above ellipses become circles repre- RY 

sented by the equation: 

M=V2e+y¥ [16] | 

In such a case the equipotential curves in the plane of the figure are 

given by - 
Vay 


K being a constant factor and V the potential function in the medium 
under consideration. By comparing equations 16 and 17, we come 
to the assumption that M is of the form = As a matter of fact, this 
coefficient is equal® to the product of the average resistivity rm, by the 
emissivity Q of the source O. If J is the intensity of the current, this 


emissivity is equal to 2 or = , according to whether the source is situated 


in a limitless medium or at the surface of a medium limited by a plane. 


5R. Maillet and H. G. Doll: Sur un théoréme relatif aux milieux électriquement 
anisotropes, et ses applications A la prospection électrique en courant continu. Ergdan- 
zungshefte fiir angewandte Geophysik (1932) 8, 1. In this paper the reader will find 
very interesting and complete considerations on the propagation of the current in 
anisotropic media, based on tensorial calculus. In their discussion, these authors 


make use of a coefficient of anisotropy smaller than unity and which is the reciprocal 
value of the coefficient adopted by us. 


A ‘The equipotential ellipses in the plane of Fig. 2 are thus finally repre- 
sented by: . 


[18] 


Let us consider the circle centered on O, and with a radius OAwn Sf, on 
this circle, we take the point P, which possesses the same abscissa as R, 
and if we write OP = 7, we see that the potential of point A can 
be expressed by: 


1 
v,= Qn: [19] 


Thus, the potential of a given point R on the equipotential ellipsoid can 
be deduced by compression from the equipotential sphere, whose radius 
is OA, such sphere being supposedly located in an isotropic medium whose 
resistivity is 7m. 

If we call A, and A, the components of the intensity at a given point, 
we know, since the axes of coordinates are parallel to the principal direc- 
tions of the ellipsoid, that we can write: 


see ee) Games L 
ee Tr x dz rs r1 (a? “ dy?) 38 [20] 
get en em Qrm ny 
Ay = 5 dy or GY sie 


From which may be deduced the intensity of the current at a given point: 
Qrn L My? “4 
x 2 Nee ey he ae 22 
A (A+ Ay )72 (x? + hy?) 38 r, “5 4 [22] 
and remarking that: 
r 


"t _ \?;and— = — =) 
Tl ee) Tm 
we obtain: 
(22? ++ y?)* _ pr’ 
A = Mart yan — Os [23] 


where r and r’ are the lengths OP and OR. 
Measurement of the Anisotropy of Rocks in the Laboratory 


Tt will often be useful to obtain an idea of the anisotropy of rocks 
by measurements performed in the laboratory. Such a determination 
will be easy if a sample of sound rock is available, and if it is possible 
to experiment upon it by utilizing faces approximately parallel and 
perpendicular to the direction of the beds. It is, of course, necessary 
that the sample should have kept its water of imbibition. 

With two electrodes H and E’, good contacts may be made on two 
parallel faces. By means of a battery B, a current is sent through the 
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sample, as shown in Fig. 3. In order that the current flowing from 


may be approximately parallel, a circular electrode GG’ is arranged Sa 
around E. The intensity J of the current passing through EZ is measured 


with an ammeter A. If V is the electromotive force of the battery B, — ) 


and R the resistance of the circuit, 


Vv 
LUE 
The quantity R represents approximately 
the resistance of the rock, since the interior 
resistance of the battery, the resistance of 
ae Koen emmy the ammeter and connections are negligible 
in comparison with the resistance of the 
rock. Should this not be the case, there would be no special difficulty 
in measuring directly the difference of potential V’ between E and E’, 
which would be substituted for V in the computation of R. 

Let us call r the specific resistance of the rock, / the distance between 

the faces F and F’, and S the surface of the electrode ZH. Then 
S 
fa Kt 

Two measurements performed on the sample, with the current flow- 
ing successively parallel and perpendicular to the strike, will furnish 
approximate data, from which can be computed the anisotropy of 
the sample. 

Another method of measuring the anisotropy of a sample consists 
in tracing, in a plane section perpendicular to the strike, a small equi- 
potential ellipse around a punctual source of current. Thus, the ratio 
of the great to the small axis of the ellipse will be known, and, with it, 
the value of \?. 

Asalready stated, the coefficients of anisotropy commonly encountered 
vary from 1 to 2.5, roughly. The figures near unity are given by uncon- 
solidated rocks (sands in particular), or rocks made up of slightly differ-: 
entiated, elementary layers. Compact rocks, or rocks that show either 
a good fissility or quite large variations in conductivity between their 
elementary layers (schists, for instance), give, on the other hand, fairly 
high figures. 


Macroscopic Anisotropy 


The anisotropy previously studied characterizes finely stratified 
rocks with a homogeneous appearance to the naked eye, and, in fact, 
a real homogeneity of constitution in numerous cases. This anisotropy 
might be called “microscopic.” In electrical prospecting, which takes 
in considerable volumes of ground, it is necessary to consider a second 
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kind of anisotropy, which we propose to call “macroscopic.” This 
anisotropy is caused by the fact that the terrain is generally constituted 
of a succession of homogeneous, parallel layers, with distinct electrical 
characteristics. These layers are no longer infinitely thin, as in the case 
discussed before, but may possess important thicknesses. . 

If there are only two kinds of layers, with definite thicknesses and 
resistivities, alternating regularly, the considerations developed above 
will still be correct. There will exist a longitudinal and a transversal 
conductivity, as well as a coefficient of anisotropy. 

If the current is sent into such a medium by means of a punctual 
earth, the equipotential surfaces, provided they possess a sufficient 
size in comparison with the thickness of the layers, will have an ellipsoidal 
shape. We are leaving out, of course, the question of the successive 
refractions occurring at the contacts of the alternating layers. 

It is evident, however, that in practice cases differing widely from 
this ideal example will be encountered. ‘Consider, for instance, a geologi- 
cal complex made up of horizontal, isotropic layers, alternately conductive 
and resistant. The profile representing the resistivities of several 
neighboring beds, in terms of their depth, will oscillate in a sawtooth 
manner. In such a medium, the equipotential surfaces will no longer be 
ellipsoids. They will, however, remain surfaces of revolution around 
an axis perpendicular to the stratification, but in certain instances their 
shape will be so different from that obtaining in ellipsoidal propagation 
that it will be well-nigh impossible to consider a coefficient of anisotropy, 
since the definitions previously given will be meaningless. 

However, in order to give numerical expression to the fact that 
the current flows differently along the strike than at right angles thereto, 
it will be useful to continue utilizing the concept of the ellipsoidal 
propagation, in all cases where such a propagation will be approxi- 
mately correct. 

This pseudo-ellipsoidal propagation will be realized in a satisfactory 
way in alternating layers possessing thicknesses of the same order of 
magnitude, and resistivities fluctuating around an average figure. If 


L, .. . Ln represents these layers, hi... hn their thicknesses and 
r, ... Tm their resistivities, the transversal and longitudinal average 
resistivities will be given by the two following equations: 
ri(hi 5 ikenachas + hn) ae typ f= ste Tila [24] 
hugh ic tot Pn me as Rn [25] 
UG eee ie Tn 


from which the pseudo coefficient of macroscopic anisotropy will be 


obtained. 
Electrical coring, which measures the resistivities of the various 


layers traversed in the uncased part of a drill hole, furnishes a good means 
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The resistivity figures measured in a drill hole are represented on 
diagrams, in which they are carried as abscissas against the depths in 
ordinates. If such a diagram is available, the detailed succession of 


“yale, 34: Oa eee : 
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the beds constituting the geological column, together with their electrical 


resistivities, is known. 

By means of formulas 24 and 25, it will be possible therefore to 
compute the longitudinal and transversal resistivity, as well as the aniso- 
tropy of the whole terrain. 

Fig. 4 represents a part of the resistivity diagram obtained at Podeni 
Noi (Rumania), in hole 1803 of the Steaua Romana company. The 
average transversal and longitudinal resistivities between the depths 
1580 and 1650 meters are 3.74 and 4.25 ohms respectively, which gives 
for the coefficient of macroscopic anisotropy: 


Au = 1.07 


Fig. 5 refers to Mackey No. 1 well of the Oklahoma City pool. Between 
the depths 2500 and 3000 ft., the longitudinal and transversal resistivity 
are respectively 3.75 and 3.17, showing that the Pennsylvanian formations 
under consideration possess a macroscopic anisotropy of 1.1. 


Total Antsotropy 


We are now in a position to elucidate the following problem. Con- 
sider a succession of parallel, anisotropic layers possessing thicknesses 
equal to hi . . . hn, average resistivities equal to ri . . . 7n, and coeffi- 
cients of anisotropy 41... A» Does a coefficient of anisotropy exist 
for the whole terrain? Such an anisotropy, if it exists, might justly be 
called ‘‘total anisotropy.” 


Consider the simple case of two anisotropic layers® with thicknesses 
hy and he, average resistivities r: and rz, and coefficient of anisotropy 
X, and Az. Parallel to the strata the longitudinal resistivity is defined 
by: 

Aithe — hidi , hads 
ushtid ol Hi Te [26] 
Perpendicular to the strata the transversal resistivity furnishes the 
following equation: 


(hi + ha)re = harida + horede [27] 
Multiplying equations 26 and 27 gives: 
(hy + hs)? = (™ a Md ard + herad2) 
Tl Ti T2 


= i2hy? + Ao*he? + rdaahe( + *) 
2 


ry 
From this may be deduced the total anisotropy A of the medium under 
consideration: 


ee ooo 
6 The following demonstration has been furnished by Mr. R. Maillet, General 
Manager of the Compagnie Générale de Géophysique. Paris. 
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hi? hy? hihe et ae 28 
Baa GET Ga ee ee (2s) 
If \, = de this expression becomes simpler: a 

pa ss eb nid hiha (2 23) mote 

sa ms] (ee CT Sn 
iit hy a T1 ae 
Writing py, Be e and ps m 
gives 
1 1 
AP = tga X Gd + myo + m) [30] 


In the expression following 12, we recognize the second member of 
equation 3, which gives the value of the coefficient of anisotropy of two 
layers in terms of the ratios of the thicknesses and of the resistivities. 
Therefore the total anisotropy is represented by 


which shows that the total anisotropy is the product of the microscopic 
by the macroscopic anisotropy. 

This proposition, however, is not true in the general case. All that 
can be said is that the total anisotropy is appreciably greater than the 
macroscopic anisotropy, owing to the individual anisotropy of the differ- 
ent layers. In many instances, to obtain an idea of the total anisotropy, 
it will be quite reasonable to multiply the macroscopic anisotropy by 
1.2 or 1.3. 


Measurement of Total Anisotropy of a Formation by Tracing Surface 
Equipotential Curves 


If a current is caused to flow into tilted, stratified ground at a point 
O at the surface, and if the second electrode is located at a great distance 
from O, the equipotential surfaces are flattened ellipsoids of revolution 
around an axis OR perpendicular to the stratification. Fig. 6 shows the 
cross-section of one of these ellipsoids, by a vertical plane perpendicular 
to the stratification and passing through O. The semi-axes of the ellip- 
soid are equal to OA and OR, and the coefficient of anisotropy is equal 

OA 


to OR’ Tracing at the surface an equipotential ellipse, its minor axis 
will be BB’ and its major semi-axis perpendicular to the plane of the figure 
will be equal to OA. Let us call a the dip of the formations, and OA = a; 
OC = b, the semi-axes of the ellipsoid. If we consider the sphere with 
radius OA centered on O, we know that we pass from this sphere to the 
equipotential ellipsoid by compressing the ordinates, with reference 
to the plane parallel to the strike passing through O, in the ratio: 


» Ais im odo ee ek 


po eehe GH nH ii aes 
: hand, if we call c the length OB, we have: 
BH =csina in 


-" ie) Hei 
and EH = VOB? — 0M? = Va? — cos a 


Fic. 6.—EQUIPOTENTIAL ELLIPSOID IN AN ANISOTROPIC, TILTED FORMATION. 
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ee Fig. 7.—SURFACE EQUIPOTENTIAL Fie. 8—SuRFACE —EQUIPOTENTIAL 
CURVE TRACED ON THE MIDDLE CURVE TRACED ON THE MippiE Dacian 
LEVANTIN FORMATION AT CAMPINA, FORMATION AT Campina, RuMANIA. 
RumaniA. ELLiPriciry AT THE SUR- ELLIpricitTy AT THE SURFACE, 1.35; DIP, 

4 FACE, 1.12; pip, 40°; \ = 1.25. 40°; » = 1.65. 

therefore: 
r EH _vVa@—c* cosa [39] 
BH c sin a 


A 


, the ellipticity of the surface equipotential curve: 


_ V4? = 008? & 


sin a 


If n= 


ala 


» [33] 
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The values of ) in terms of wand aed be repr 

if so desired. _ i FR BO ee 
To illustrate the above method of determining the coefficier 
ropy, Figs. 7, 8 and 9 show three determinations made in the neigh 
hood of Campina, Rumania, on three different Tertiary formatio 
The conclusions arrived at are summarized under the figures. : 
Formula 33 can also be used to get an idea of the ellipticity of the 
curves traced at the surface of an anisotropic formation tilted at a given 
angle. From equation 33 may be deduced: 


n= Veo a Na 4] 
a’ if \ = 1.2, and a = 20°, we find » = 1.1. Such an ellipticity is already — 
yy sufficiently great to be easily measured at the surface by tracing equi- — 
potential curves. 


” 


Some CoNSEQUENCES OF ELECTRICAL PROSPECTING BY POTENTIAL 
MeEtTHODS 
Paradox of the Anisotropy 


We will suppose that we are dealing with a stratified vertical forma- 
tion. The equipotential curves (Fig. 10) around a punctual earth O 


Fia. 9. Fig. 10. 


Fia. 9.—SURFACH EQUIPOTENTIAL CURVE TRACED ON THE UppEer PONTIAN FORMATION B: 
Campina, RumanraA. ELLpriciry AT THE SURFACE, 1.05; pip, 45°; \ = 1.1. j 
Fia. 10.—EquriroTENTIAL ELLIPSE TRACED AT THE SURFACE OVER A VERTICAL, 
ANISOTROPIC FORMATION. 


are ellipses whose semi-axes OA and OB are in the ratio 


OA _ = [2 
6p ae 


In the direction OA the difference of potential AV between two points 
AA’, located at a distance Az apart is: 


SSE ce Az 
AV = Orne = — Qa 


oy 


tivity is computed by the formula: 


a Leh Male late aii — ee. oe 


- In an isotropic medium, under such conditions the apparent resis- 


ab ea Vina 
Therefore we obtain, in the direction of the strike, an apparent resistiv- 
ity rai, equal to the average resistivity 1m: 
Tal cs Cm = ATi 
Along the axis OY, in the same way: 
MyAy Ay 
But if the resistivities are computed by means of the formula for 
homogeneous isotropic media, we obtain a value of the resistivity rat, 
equal to: 


Tat = G6 * ay? » 

Thus, the formula of the isotropic, homogeneous media, applied to 
anisotropic formations, gives resistivity figures that are incorrect. The 
‘“apparent”’ transversal resistivity is smaller than the ‘“‘apparent”’ longi- 
tudinal resistivity, while the inverse proposition holds for the true 


resistivities. In addition, the ratios ce and 4 are different, being equal 
al t 


respectively to . and to a We will call this unexpected result the 
“naradox of the anisotropy. > Such a proposition is worthy of emphasis, 
since the idea that would naturally come into one’s mind is that the 
highest apparent resistivity figure should correspond to a direction fer 
pendicular to the strike. 

We will also note the remarkable result that the “apparent” trans- 
versal resistivity is equal to the true longitudinal resistivity. 


Study of Horizontal Formations 


We will consider a horizontal, stratified medium, constituted of 
several parallel, homogeneous, isotropic layers, and cause a current to 
flow into it by means of an earth ground A, located at the surface. We 
know that it is possible to compute the value of the potential at the sur- 
face, provided that the thicknesses and the resistivities of the various 
formations under consideration are known.’ The mathematical prin- 


7S. Stefanesco and C. and M. Schlumberger: Sur la distribution électrique poten- 
tielle autour d’une prise de terre ponctuelle dans un terrain homogéne & couches hori- 
zontales, homogénes et isotropes. Le Journal de Physique et le Radium (1980) 1, 132. 
J. N. Hummel: Der scheinbare spezifische Wiederstand. Zisch. f. Geophysik, 5, 

89; Der spezifische Wiederstand bei vier plan-parallel Schichten. Idem, 228. 
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ciples underlying these computations were outlined for the first time — 


2 
i yiivig 


by Maxwell.® _ Ye ae 
These computations are still correct when certain of the layers are no 


longer isotropic, but anisotropic. In this case, it is merely necessary ie A 
replace every isotropic layer whose average resistivity iS f= "VTry . 


whose thickness is h, and whose coefficient of anisotropy is A, by a homo- 
geneous, anisotropic layer with the resistivity rm and the thickness \h. 
A very general demonstration has been given by R. Maillet and H. G. 


Doll? for a series of parallel alternating layers, which can be, at will, 
either anisotropic or isotropic. 
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Fig. 11.—DIAGRAM OF RESISTIVITIES CORRESPONDING TO A TWO-LAYER PROBLEM WITH 
A BEDROCK OF INFINITE RESISTIVITY. 


These facts modify somewhat the principles governing the explora- 
tion at depth of horizontal, isotropic formations, by resistivity measure- 
ments carried out at the surface with increasing electrode spacings. It 
will no longer be sufficient to know the resistivity diagram in terms of the 
spacing of the primary electrodes in order to interpret the electrical results 
accurately and surely, even in very simple cases. For instance, the 
diagram shown on Fig. 11 can correspond to thicknesses of overburden 
amounting to 100, 67 and 50 ft., according to the value of the coefficient 
of anisotropy, which will be successively equal to 1, 1.5 and 2. We 
suppose, of course, that in these different cases the average resistivity of 
the overburden remains unchanged. 


8 J. C. Maxwell: Electricity and Magnetism, 1. 
°R. Maillet and H. G. Doll: Reference of footnote 5. 
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Fig. 12 represents in the same way an electrical diagram of the three- 


layer type. On the right hand of the figure, three different geological 


cases to which it might theoretically correspond have been indicated. 

It is easy to see by these simple examples how important it is for the 
geophysicist to possess a wide experimental knowledge of the anisotropic 
properties of stratified formations, if the electrical results obtained in the 
study of horizontal or pseudo-horizontal formations (gently folded struc- 
tures, etc.) are to be interpreted accurately. 


Resistivity Measurements across an Anisotropic Syncline or Anticline 


The principle of compression, briefly indicated above, has a very 


- general significance, and can be outlined as follows. Consider a space S, 


made up of one or several isotropic media, and suppose that a state of 
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Fig. 12.—DIAGRAM OF RESISTIVITIES CORRESPONDING TO A TWO-LAYER OVERBURDEN 
UNDERLAIN BY A BEDROCK OF INFINITE RESISTIVITY. 


electrical equilibrium is known to exist in it. Consider also an elementary 
volume dx dy dz of this space, limited by the coordinate surfaces. Keep 


d 4 
dx and dy unchanged, and replace dz by ~ \ being a constant. We thus 


establish a correspondence between the space S and a new space S. 1p 
this space, all the media are anisotropic, with the coefficient of anisotropy 
». The emissivities of the electrodes are unchanged, and the potential 
at two corresponding points also remains the same.*° 

An interesting illustration of these principles will be furnished by an 
anisotropic syncline with semicircular strata, which can be discussed in 
the following way (Fig. 13). We will consider a medium limited by a 


10 R. Maillet and H. G. Doll: Reference of footnote 5. 


plane POP’, and constituted ne semicircular, anisotropic igs 


on O, whose coefficient of anisotropy isd. We will establish a 
ence between a given point R of this medium and a point R’ of an: 


medium, in such a way that O'R’ = \OR, and the angle POR = \P0'F 


P A C) [es at 


>| 


R’ 
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Fie. 13.—SKETCH ILLUSTRATING A SYNCLINE CONSTITUTED OF SEMICIRCULAR LAYERS. 


In accordance with the above principles, it can be demonstrated that the 
potentials of the points R and R’ are the same, if, from two corresponding 
electrodes A and A’ currents of the same intensity are sent into the two 
respective media. In the practical case where \ = 2, the distribution 
of the potentials in the anisotropic syncline can be deduced from the study 


Fig. 14.—D1aaram or RESISTIVITIES OBTAINED ACROSS AN ANISOTROPIC SYNCLINE 
CONSTITUTED OF SEMICIRCULAR LAYERS. 


of the potentials in an isotropic medium limited by two Riirieot planes. 
This latter problem is very easy to study. 

At point O’ of the isotropic medium, the intensity of the current is 
equal to zero. The same is true at O on the syncline. The apparent 
resistivity measured at the surface will not be constant, and a profile of 
resistivities across the syncline will have the shape represented on Fig. 14. 
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In connection with an anticline, the opposite conclusions will be 


arrived at, and a maximum of resistivities will be observed at the passage 


of the axis of the anticline. 

These results are verified satisfactorily by experience. Of course, 
the experimental resistivity diagrams are not exactly similar to the theo- 
retical curves, since in practice the geophysicist has not to deal with a 
homogeneous, anisotropic terrain, 
but with a succession of beds 
which sometimes possess appreci- 
able thicknesses. Fig. 15 shows 
the results obtained on an anti- 
cline and a syncline in a coal basin 
of Central France, in the course 
of a tectonic exploration. On 
a part of the map, the property 
has already been exploited and 
explored. The anticlinal fold is 
known in great detail, and is in 
good accordance with the electri- 
cal results. As to the synclinal 


LEGEND 


fold, it has not as yet been verified “LZ Coal at 190 meter level 
by exploration, but there is every pie pialivlty eek cape ls 


reason to assume that the results 


Cross section KL 
are correct. : 


Srupy oF THE DirEcTION oF DIP 
in ANISOTROPIC FORMATIONS BY 
InpucTIoON METHODS 


The fact that stratified sedi- 
ments are usually anisotropic 
furnishes an interesting possibility 
of determining the direction of Fig. 15.—RESISTIVITY MEASUREMENTS 
their dip, by means of induction opramep ON AN ANTICLINAL AND SYNCLINAL 
measurements. The principle of FOLD IN A COAL BASIN IN CENTRAL FRANCE. 
the technique employed by the authors is the following: 

Let us cause a current to flow into a homogeneous and isotropic terrain, 
by means of an electrode grounded at A on the surface. If the second 
electrode B is located at a great distance from 4, the equipotential sur- 
faces are spheres centered on A, and the current is regularly distributed 
around A; or more accurately, two cones with their summits at A, and 
possessing the same solid angle, contain the same fraction of the total 
current. It is easy to demonstrate that the magnetic field generated at 
the surface of the ground by all the diverging currents issuing from A 


SCALE 
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is the same as though all the current were concentrated along the vertical e 
passing through A. At the surface, this magnetic field H, at a distance 

EL, ee, 
R from point A, is horizontal, and equal to R 


Consider now the case of two electrodes A and B. The vector mag- 
netic field at point C on the prolongation of AB will be: 


4 I 
n-1(4~}) 


in which R and R’ are the distances from C to A and B. 

If point C, where the magnetic field is measured, is not on the line 
connecting A and B, the actions of the currents flowing into the ground 
at A and B must be added geometrically. 


io oe 


Fig. 16.—DIstTRIBUTION OF CURRENT AROUND A PUNCTUAL SOURCE IN AN ANISOTROPIG 
GROUND. 


In addition, since a current flows in the line AB, the action of this 
line must be taken into consideration,!! in all the above cases. 

Applying the same problem to an electrode grounded in a homogene- 
ous and anisotropic ground, the lines of current remain straight lines. 
Their distribution, however, is derived from the distribution in an iso- 
tropic ground by compressing the equipotential spheres PT Soca 


to the stratification, with a rate of compression equal ee x Os coefficient 


of anisotropy). Therefore, the lines of current aah a maximum 
of density along the plane of stratification, and a minimum perpendicular 
to it (Fig. 16). Evidently the distribution is a phenomenon of revolution 
around the axis OR perpendicular to the strike. 

As a consequence of this concentration of the currents in the direction 
of the dip, a larger ratio of the total intensity will flow into the rectangular 


‘' For the complete study of the magnetic field created by a direct current flowing 
into an isotropic ground by means of two electrodes A and B, connected by a straight 
wire AB, see S. 8. Stefanesco: Etudes Théoriques sur la Procbetion Electrique du 
Sous-sol. 1. Rumanian Geol. Survey, 1929. 
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angle constituted by the planes AO and OZ than into the angle constituted 
by the planes OZ and OD. This results immediately from the considera- 
tion of formula 23, which demonstrates that in every direction the 
intensity of the current is proportional to the radius of the equipotential 
ellipsoid passing at this point. 

Owing to this displacement of the current, it is easy to understand 
that if the current is being sent into the ground by means of two electrodes 
A and B, with AB parallel to the strike, and if a loop L is disposed hori- 
zontally on the ground on the line connecting A and B, there will exist a 
coefficient of mutual induction between loop L and the circuit constituted 
by the line AB, and the currents flowing into the ground at A and B.” 
To annul this mutual induction, it will be necessary to rotate the plane 
of the loop around a horizontal axis parallel to the strike, in order to 
bring it into position more or less perpendicular to 
the plane of stratification. This will furnish a means 
of determining the direction of the dip. 


Principle of the Field Measurements 


A line AB, carrying the current, is laid down paral- 
lel to the strike. At its center O, a loop Sis arranged 
symmetrically with reference to AB (Fig. 17). _ This 
loop will generally be a square, a side or diagonal of 
whichis parallel to AB. Since the mean circuit in the 
soil and the horizontal loop S are not rectangular, 
owing to the dip of the formations, they possess a 
coefficient of mutual induction. By measuring this 
coefficient, and taking into account the direction of 
the induction current, the direction of the dip will be 
obtained. Fia. 17.—SKETCH 

Either one or the other of the two circuits may en oe BOP eae 
be utilized for the secondary circuit. As to the 
current sent into the primary circuit, two techniques are available, 
namely: 

1. Use of an alternating current of audible frequency. ‘The observa- 
tions are made in the secondary circuit by means of a telephone and 
amplifier. This technique, which already uses high frequencies, does not 
appear to be very satisfactory, as explained further on, and is not applied 
by the authors. 

2. A galvanometer is disposed in the secondary circuit, and a current 
of very low frequency is caused to flow in the primary circuit by means 
of a commutator. This apparatus commutates also the galvanometer 


A 


12 All of this part of the discussion is presented in an intuitive and physical, rather 
than in a strictly mathematical way. 


possible to use a current of very low frequency, decreasing aside 
the skin effect phenomena, which are so detrimental as far as the pe 
tion of the current at depth is concerned. 
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Fia. 18.—REsvuLTs OBTAINED BY THE LOOP METHOD ON THE GROZNY ANTICLINE. 


The magnitude of the mutual induction phenomenon that takes place 

_ between the two circuits is represented by a vector, issuing from O and 

perpendicular to AB. In an anisotropic, homogeneous terrain, this 
vector gives a rough indication of the direction of the dip. 

In all the above it has been supposed that the direction of the strike 
was known approximately, and that AB was disposed parallel thereto. 
Experience shows that when this datum is not available, satisfactory 
results can still be obtained by carrying out two observations at the same 
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station, with the line AB located in two successive rectangular positions. 
The corresponding vectors of mutual induction are determined and com- 


posed geometrically. Their resultant gives the direction of the dip. 
Practical Application of Method to Study of Grozny Anticline 


In order to illustrate by an example the use of the loop method, the 
results obtained on the Grozny anticline, North Caucasus, U.S.S.R. 
are shown!® in Fig. 18. Numerous determinations of dip were made, 
especially along the edges of the structure. They are in good accordance 
with the geological data. In the center, the ridge of the anticline is 
determined with great precision. 


SuMMARY 


In electrical prospecting, it frequently occurs that the formations 
to be studied are stratified and decidedly anisotropic, and that an exhaus- 
tive knowledge of the laws governing the propagation of the current in 
anisotropic media is necessary for a satisfactory comprehension and 
interpretation of the results. 

The laws of such propagation have been discussed, with special refer- 
ence to the propagation due to a punctual source of current. 

In order to account both for the properties of the homogeneous aniso- 
tropic rocks and for the anisotropy of a series of alternating layers, 
definitions of a “‘microscopic,”’ a “macroscopic,” and a “total” anisotropy 
have been offered. 

Some consequences of the electrical measurements in anisotropic 
terrains have been explained, and among them, the “paradox of the 
anisotropy,” by which the apparent transversal resistivity is smaller 
than the corresponding longitudinal determination. 

Finally, a technique has been described by means of which it is 
possible, by induction measurements, to determine the direction of the 
dip of tilted anisotropic formations. 


DISCUSSION 
(Paul Weaver presiding) 


L. B. Surcuter,* Cambridge, Mass.—I am especially enthusiastic over the study 
of anistropy and its effect on depth determinations. This may prove to be a fruitful 
field of inquiry in the matter of depth investigations. 

P. Weaver, {t Houston, Tex.—This may be of importance in small-scale prospect- 
ing. We have found trouble, for example, with the effect of the weathered surface 
soil on electrical measurements. Close to the electrodes is a layer from 10 to 50 ft. 


13 See A. Chaiderov: Results of Electrical Prospecting at the New Field of Grozny 
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concerning layers of different resistivities. Although theoretically two layers of 
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the readings. 


the ream Pa hick) Riera the surface AES: eae can ‘he re] 0 
the air wnder the copper sheet. If the four-electrode set-up is used, with ineré 
separation between the electrodes, there will be a rising resistivity curv 

suppose there are bubbles of heterogeneous material at the surface of the copper s 
near some of the points at which electrode contacts are made. Such a bubble 
act as resistant material and distort the equipotential surfaces near it. The potential 
drop, as measured there, will not follow the regular potential curve which should = 
be observed, but will show a decided anomaly, which might be interpreted as a change ~ 
in the underlying material. In this manner, the anisotropy of the surface material © 
can complicate the interpretations of the readings as relating to subsurface structure. 


F. W. Lex,* Washington, D. C.—There is another point I should like to make © 


differing resistivity should show the same ratio between voltage and current, no 
matter what the current is, as a matter of fact in the field the same ratios are not 
obtained when using different current strengths. - 


*U. 8S. Bureau of Mines. 


Some Interpretations of Earth-resistivity Data 


By Irwin Roman,* Hovauton, Micu. 
(New York Meeting, February, 1934) 


In a previous paper,’ a method was suggested for determining the 
depth to a bed in the simple case of a uniform overlying layer of constant 
thickness. ‘The main purpose of the present paper is to show how a slight 
modification of that method has been used to interpret specific data 
obtained in the upper peninsula of Michigan by the staff of the Depart- 
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Fic. 1.—THE TECTONIC CONFIGURATION. 


ment of Mathematics and Physics of the Michigan College of Mining and 
Technology. The method of Tagg? has also been used on the same data, 
thus furnishing a comparison of the two methods, as well as a method 
of using the two methods jointly. 

The method of measuring the apparent resistivity is that suggested 
by Wenner,’ and illustrated in Fig. 1. - A current J enters the earth at the 
positive pole C and leaves it at the negative pole D. The potential V of 
the high electrode A, with respect to the low electrode B is measured by 
suitable means. The separation of the collinear points in the order shown, 
DBAC, is l, the same for each interval. 

If the resistivity of the overburden is po, 
apparent resistivity is given by 


office of the Institute Nov. 20, 1933. 
Physics, Michigan College of Mining 


and that of the bed is ps, the 
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2G. F. Tagg: Interpretation of Resistivity Measurements. 


3, C. Wenner: A Method of Measuring Earth Resistivity. U. 
Sci. Paper 258 (1915) 469-478. 
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and the disturbing factor is: © 


M=% =1+4 (WW — W" 
po c 


where: W’ = w(0, :) 


and W" = w(a, s, 
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Fia. 2a.—LoGARITHMS OF THEORETICAL DISTURBING FACTORS FOR CONDUCTING BEDS. 


are the values of the W function‘ taken from the table for the proper 
value of the reflecting factor: 


3 Peo 
ps + po 5] 


and the value of the argument a as shown by the second component in the 
parenthesis, the thickness of overburden being c. 


The value of M may be calculated as a function of Q and : so that for 


4 Reference of footnote 1. 
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each value of Q, a curve may be plotted with the ordinate M and the ~ 


log = 8 abscissa, as shown in Fig. 2, each curve corresponding to a 


selected value of the reflection factor Q. 
By equation 2, we have 


nea 


log pa = log po + log M | [6] | 


If we plot the observed values of log p. against log / in the same scales as 


° 
a 


So 
Bia) [ 


log M (Disturbing Factor) 
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Fic. 2b.—LoGARITHMS OF THEORETICAL DISTURBING FACTORS FOR INSULATING BEDS. 
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used in the theoretical curves, we may superpose the two graphs since 


log & = log pa — log po 
Po 


log 5 = log 1 — log c 


and since both log po and log c are constant. If the observed curve can 
be made to fit one of the theoretical curves, four quantities may be deter- 


mined as follows: 
1. The value of the reflecting factor Q is given by the theoretical curve 


which fits the data. 
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2. For log M = 0, log pa = log po, so that the value on the ae rved 
ordinate (log p.) scale corresponding to zero on the theoretical ordinate 
(log M) scale is the value of log po, from which the overburden resistivity 
is available. 


3. For log : = 0, 1 =, so that the value on the observed abscissa 


(log 1) scale corresponding to zero on the theoretical abscissa (log :) scale 


is log c, from which the depth ¢ is available. 
4. Knowing the values of po and Q, the resistivity of the bed is 
obtainable from: 


Pb = ai [7] 


The application of the method is direct and simple. The theoretical 
curves are plotted in the selected scales, on thin coordinate paper. The 
observed curves are plotted on heavy coordinate paper in the same scales. 
Then the two graphs are superposed, preferably overa light table, and the 
data taken directly from the curves. The reduction of the data is 
mainly a matter of finding antilogarithms. 

In some of the cases in which the method was tried, the fitting was 
quick and definite, different observers finding essentially the same 
results, independently, and the same observer checking his own results 
after an interval of several days or even months. In other cases, the 
results are more ambiguous and there is choice in the fitting. In still 
other cases, the observed curves are obviously not due to a single layer. 
In some cases, parts of a curve may correspond to a single layer and the 
rest not so correspond. It is to be hoped that a similar method eventually 
will be available for multiple layers, but the theoretical curves have not 
been prepared for these cases, at the present writing. 

In the method of Tagg,® the value of the overburden resistivity po 
is obtained by taking observations with small spreads. Using this value 


for po, the value of the disturbing factor M = = is calculated for each 
0 

observation at the longer spreads. From theoretical curves, or from 

tables such as those shown in this paper, the value of : corresponding to 


the disturbing factor M may be found for each value of the reflection 
factor Q. Since the separation is known, we may thus find the depth é, 
which will cause the observed disturbing factor for each value of the reflec- 
tion factor. If the value of Q is plotted as a function of c, there will be 
one curve for each observed disturbing factor, or for each of the larger 


5 Reference of footnote 2. 
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separations. If the interpretation is unique, the various lines will meet 
in a point. In practice, this point is often spread out into a network, 
whose center must be found visually, and in some cases, the point is 
not determinable. . 

To eliminate the errors involved in taking the disturbing factors from 
the curves, a table has been prepared directly from the W tables by the 
use of equation 2. The results are shown in Tables 1 and 2. The figures 
at the heads of the columns are the values of the reflection factor Q, 
while the figures at the left of the lines are the values of the ratio of / to c. 
The tables are sufficiently reliable for second order interpolation, but 


_ ordinary linear interpolation is usually ample for the accuracy obtainable 


in the observations. In interpolating, the final figure may be incorrect. 
These tables apply only to the Wenner configuration of current poles and 
potential electrodes. However, when the potential of A is found with 
respect to the midpoint of A and B (see Fig. 1), the same formulas, curves 
and tables apply, if the observed potentials are multiplied by the factor 2. 
The method of superposition can be applied to other configurations of 
electrodes, but the disturbing factors would need to be calculated directly 
from the W tables and the interpretation would usually not be so simple. 
The Wenner system simplifies the problem by always keeping the ratio 
of the potential electrode distance to the current pole distance constant, 
thus eliminating one variable. 


ANALYSIS OF OBSERVATIONS 


The application of the method of superposition may be illustrated by 
considering specific data. The data have been selected from the files of 
the Department of Mathematics and Physics of the Michigan College 
of Mining and Technology and represent a part of the research work 
of the department during about five summers. No attempt has been 
made to examine the observations statistically, but numerous surveys 
have been examined and the examples selected may be considered as 
typical. Each example has been selected to illustrate a specific aspect 
of the analysis. In each case, the actual observed apparent resistivities 
are represented by small circles on the graphs and the tabulation of the 
data is omitted, since the values may be read from the graph with 
sufficient accuracy. 

Unfortunately, no drilling records are available for the portions of the 
diamond-drill holes above ledge, the drillers’ interests being below this 
level. The depths in the interpretations are shallower than ledge and 
hence no accurate geological correlations are possible. The depths may 
represent water tables or soil contacts. The interpretations should be 
checked by some other method, but the agreements between the theoreti- 
cal and observed curves are such as to make the analysis significant. 
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0.6580 | 0.6259 
0.6061 | 0.5696 
0.5561 | 0.5154 
0.5085 | 0.4640 
0.4638 | 0.4159 
0.4222 | 0.3714 
0.3839 | 0.3305 
0.3488 | 0.2932 
0.3169 | 0.2594 
0.2880 | 0.2289 
0.2620 | 0.2016 p 
0.2387 | 0.1773 7 
0.2178 | 0.1556 \} 
0.1991 | 0.1364 
0.1825 | 0.1194 = 
0.1677 | 0.1044 { 
0.1546 | 0.0911 ; 
0.1430 | 0.0795 ; 
0.1327 | 0.0693 rh 
0.1236 | 0.0604 7 
0.1156 | 0.0526 
0.1085 | 0.0457 
0.1023 | 0.0397 
0.0968 | 0.0345 
0.0919 | 0.0299 
0.0876 | 0.0259 
0.0839 | 0.0225 
0.0806 | 0.0195 
0.0777 | 0.0169 
0.0751 | 0.0146 
0.0728 | 0.0126 
0.0708 | 0.0109 
0.0690 | 0.0095 
0.0674 | 0.0082 
0.0660 | 0.0070 
0.0648 | 0.0061 
0.0637 | 0.0053 
0.0627 | 0.0046 
0.0618 | 0.0039 
0.0610 | 0.0034 
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TABLE 2.—Disturbing Factors, Wenner System, Insulating Bed ‘ 
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INDIANA cu tonpemsee Hour No. fone pay 

_ By direct superposition of the observations on the referenc c 
the reflection factor for this survey is found to be between Q=0. 
Q = 0.8. The fittings for each case lead to the values shown in the 1 ble 
accompanying Fig. 3. Using these determined values, the full curves of 
Fig. 3 are computed directly from Table 2, the bed being more insulat in 
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100 : 2 
Separation, ft. 
Fig, 3.— APPARENT RESISTIVITIES, INDIANA D.D.H. 2 Survpy. (CIRCLES REPRESENT 
OBSERVED VALUES.) 


Curve | Upper | Lower | Broken 
Reflection factor’ ais... «aye Peserssue ma Sepa casters etna ei teen een 0.8 0.7 0.75 
Overburden resistivity; ohm-omiii;, 0). |: Gedie oe nome ae akee Eee 4,160 4,030 4,100 
Bod:registivity, Ohm-Ouy, ict cicrutisieis ste ccabstercscas Reuaieaet aie tete eee ete ee 37,440 | 22,820 | 28,700 
Overburden.thicknesgie; fti.,:..irh's. 5 cles dibaleta Sater eek inate cease heparan 64.5 56.3 60 


than the overburden. Since the circles representing the observations 
seem to lie about midway between the full curves, the approximate 
averages of the respective values are used to compute the broken curve. 
Except for the two end points, the fit is satisfactory. The end point for 
the small separation may be due to local surface anomalies while the end 
point for the large separation may be influenced by a deeper formation. 
In making the calculations for Q = 0.75, interpolation is needed in 
both of the arguments a and Q. This may be made in three steps, each 
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consisting of a single, linear interpolation in one of the variables. This 
method is to be preferred for persons not familiar with tables of two 
arguments. It is also possible to make the double linear interpolation 
directly, the degree of approximation being about the same as in the 
previous method. Let a value of the disturbing factor M be sought for 
the arguments 


= Ao + x(ai — ao) 


az 
Qy = Qo + (Qi — Qo) 


For definiteness, let ao be the tabulated value of a nearest to az and let a 
be the adjacent value of a such that a, lies in the tabular step between 
a and a;. Similarly, let Q, lie in the tabular step between Qo and Qu, 
the nearer entry being Qo. Let 
Myx be the value of M for the ar- 
guments a = a and Q = Qi. 
With sufficient accuracy for most 
purposes, a convenient formula 
for the direct double interpolation 
is: | 
May = Mo + 2(Mio — Moo) + 

y(Mo1 ea M oo) 15000 + 


for interpolation without a com- 
puting machine and 


M,, =(1—2=y)Mo+ 
Mig + yM or 


for interpolation with a computing 
machine. For the notation se- 
lected, the phases x and y lie spo0l 
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between minus one-half and plus 
one-half. If moreaccurate results 
are needed, higher order inter- 
polation must be used, in which 
case it may be preferable to 
compute directly from the W 
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Fig. 4. APPARENT RESISTIVITIES, INDIANA 
D.D.H. 11 Survey. 

Reflection factor, 0.9; overburden re- 
sistivity, 4730 ohm-cm.; bed resistivity, 
90,000 ohm-cm.; overburden thickness, 
33.9 feet. 


tables instead of from the M tables given in this paper. 
In making the determinations, the logarithmic curves are plotted in 


the same scales used in the reference curves. 
onstants are used as the data in a direct calcu- 


The final theoretical curves shown in Fig. 3 


superposition and these c 
lation from the tables. 


The constants are read by 


are apparent resistivities against separations, not the logarithms. The 


logarithmic curves have been o 
superposition is not feasible. 


mitted from this paper because a direct 
Any reader interested in checking the 
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superposition may plot both reference curves and ok Ss 
without difficulty. The reference curves may be plotted fr 
and 2b, or directly from the tables. The observations may be reac 
Fig. 3. ; 
InpIANA D1AMOND-DRILL Hote No. 11 Ldattg 


In this survey, superposition leads to the values given in the sable — 
accompanying Fig. 4. Using these values and calculating directly from _ 
Table 2, the curve of Fig. 4 is obtained. The agreement between theory 
and observation is unusually good. 1? 

Using an overburden resistivity of 5827 ohm-cm., as determined from 
the short spreads, the same survey leads to the curves of Fig. 5, for 
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Fie. 5.—Inpiana D.D.H. 11 Survpy. TaqgG@ METHOD CURVES. 
‘ “Niet resistivity, 5327 ohm-cm.; each curve identified by the separation 
(feet). : 
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Tagg’s method. The intersections of the curves leaves a choice of 34.5 
or 35.5 ft. for the thickness of the overburden with only a pair of lines 
crossing at 33.7. The value obtained by superposition is 33.9. The 
reflection factor is 0.85 by Tagg’s method as compared with 0.9 
by superposition. 


Taae’s Station A 


For the data given by Tagg as station A, Fig. 6 shows the theoretical 
apparent resistivities on the basis of the constants determined by super- 
position and listed in the table accompanying the figure. The corre- 
sponding data tabulated under “Tagg” are taken directly from his paper. 
It may be noted that the agreement between the two methods is remark- 
ably close. 
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; 4 . For the data given by Tagg as station B, Fig. 7 shows the theoretical 
_ apparent resistivities on the two assumptions shown in the table accom- 
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Fic. 6. APPARENT RESISTIVITIES, TAGG’S STATION A. 
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Reflection factor Q.....-.0-ee cece reece receres 0.7 0.702 
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Fig. 7.—APPARENT RESISTIVITIES, TAGG’S STATION B. 


Determination Superposition| Tagg 
Pe Bee ee SS 
Gar ee eae ote reiel Wiha ole! svar Wiel ole Siqnersiaisxaeiein Full Broken 
Reflection factor Q......-.ceeeeeeseerreeteses —0.85 —0.6 
Overburden resistivity, ohm-in........+--+++++: 42,700 45,700 
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panying the figure. It may be noted that the observations agree very 
well with the full curve, obtained by the method of superposition, while 
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the agreement with the broken curve, obtained by Tagg’s methoc 
as good. Fig. 8 shows the Tagg method curves on the assumption that 


« > ie . od 
the overburden resistivity is 42,700 ohm-in. as determined. by super- 
position. The depth is determined as 200 ft. while the reflection factor _ 
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Fig. 8.—Taae’s station B. TaGG METHOD CURVES. 
Overburden resistivity, 42,700 ohm-in. 


is Q = —0.76. The intersection for the curves of the Tagg method on 
this revised interpretation is more clearly defined than on Tagg’s original 
curves and the depth agrees well with that deduced by superposition. 
The 400-ft. curve is omitted from Tagg’s graph, but is included in Fig. 8. 


ORWELL 


There are many surveys in which the observations indicate amore 
complex structure than has been assumed in this paper. In such cases, 
the method of superposition shows at a glance that the assumed structure 
is not correct. From numerous such surveys, one is shown in Fig. 9. 


The interpretation of such a survey must be qualitative until further 
theoretical studies are available. 
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CONCLUSIONS 


In the present paper, a method of superposing the observed cpparout 


earth resistivities on a set of standard reference curves has been explained 


and illustrated by actual resistivity survey results. Tagg’s method has 
also been applied to the same data. Hither method is a serviceable tool 
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Fic. 9.—LoGARITHMS OF APPARENT RESISTIVITIES,, ORWELL SURVEY. 


in the interpretation of earth-resistivity data in cases where the observa- 
tions justify the assumption of a single homogeneous overburden of 
uniform thickness overlying an infinite homogeneous bed. In this 
sense, the term ‘‘homogeneous”’ applies to the region as a whole and not 
to small-scale sections. In particular, the average resistivity may not 
be the actual resistivity at any point of the region and therefore cannot be 
determined by sampling. Thus, a mixture of sand, glacial drift, boulders 
and humus may be considered as homogeneous, if the mixture is uniform 
for the purposes of the survey. 

Tables have been included to make possible a rapid determination 
of the apparent resistivity for a specified set of conditions when the meas- 
uring configuration is that of the Wenner four-electrode system and the 
geologic formations permit the assumption of the simple case. 

Experience has shown that the method of Tagg and that of super- 
position are valuable partners. Used together, each serves as a check on 
the other. The two methods will be considered in various aspects. 

Speed.—The method of superposition seems to have a slight advan- 
tage in the matter of speed of application. A single observation curve 
is sufficient for a specific survey. In Tage’s method, one curve is 
required for each size of separation. In each case, the reference curves, 
or the underlying tables are needed. The observation curve must 
also be made in Tagg’s method, to show that a fit is possible. In either 
ease, the conclusions should be checked by starting with the determined 
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3 , a : 
constants and calculating the theoretical values for the apparent, re 
tivity from the tables or the formulas. Without this check, the method — 
of Tagg may lead to an interpretation without much foundation. The | 
method of superposition is more likely to eliminate poor interpretations. 

Overburden Resistivity—Tagg’s method assumes a value for the 
overburden resistivity and the conclusions are dependent on the value 
assumed. His method uses the short separations to determine this _ 
value. As explained above, the overburden resistivity may be an 
averaged resistivity and may not be the resistivity of a sample of the 
region. In the superposition method, the overburden resistivity is 
determined directly from the entire curve. Hence this resistivity as 
determined by superposition may be a good starting point for the method 
of Tagg. 

Uniqueness.—In Tagg’s method, the depth and the reflection factor 
are determined by the common intersection of several curves. Fre- 
quently, this intersection is not well defined, the common point being 
much spread out, as into a large triangle. A different value for the 
overburden resistivity may lead to a much better intersection, but this 
alone is not a valuable criterion. In the method of superposition, there 
is often much choice in the fitting of the curves. In such a case, a unique 
solution requires further knowledge. Apparently, the method of Tagg 
determines the reflection factor and the thickness of overburden as 
accurately as the graph can be read. However, this accuracy is only 
apparent, as a slight change in the assumed overburden resistivity may 
shift the intersection of the Tagg curves as much as the apparent indefi- 
niteness of the superposition. 

Checking and Revaluation.—The ultimate check on the interpretation 
lies in the agreement between the observed data and the theoretical 
apparent resistivity. Whatever values are decided for the constants, 
these values should be used to predict the observations as a check. If the 
theoretical and observed curve do not agree, it frequently is possible to 
use the lack of agreement as a means of revising the interpretation. This 
applies equally to both methods. 

Reliability —If the two methods can be made to furnish the same 
conclusions, it is likely that these conclusions will be useful, as a geo- 
physical interpretation. However, it must be remembered that both 
methods are indirect, as are most geophysical methods, and that the 
conclusions should be checked against any other known facts about the 
region of the survey. It is always conceivable that an entirely different 
set of conditions may produce as good a fit as the ones accepted. In 
general, the method of superposition will eliminate impossible cases 
better than that of Tagg, but in both methods the results should be 
considered as an indicator rather than a fact. This is not a criticism of 
the resistivity method, as it applies also to other methods of subsurface 
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analysis. Even a drill record must be interpreted with this reservation, 
as the actual drilling may not properly represent the region. 
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DISCUSSION 


(E. DeGolyer presiding) 


L. B. Suicurmr,* Cambridge, Mass.—In connection with the curve of Fig. 9, and 
others, I would like to ask whether the potentials were measured in several azimuths, 
to establish the degree of symmetry, or lack of it, in the problem. This, it seems to 
me, is always a fundamental consideration. For if symmetry about a vertical axis 
exists, we are sure that the problem can be perfectly interpreted, theoretically, for 
any type of response curve. If symmetry with respect to a vertical plane occurs, 
one may be led to proceed with interpretations on the basis of sloping structures. 
If the symmetry is poor, the interpretations must be expected to be poor. Ina word, 
the situation as to symmetry is always well worth special attention. 


J. Fisuer,{ Houghton, Mich.—The curve was taken on the Mesabi Range, in a 
swampy area, so that all the electrodes were in muskeg. Beneath the swamp there is 
a layer of hardpan underlain by a paint rock, below which comes the iron formation. 
The conditions were known to be complicated, but it was hoped there would be 
sufficient homogeneity to permit a correlation to be made. 


L. B. Suicutsr.—The curve was taken only once, then? 


‘J. Fisuzr.—No. It is the result of three sets of observations, two at right angles, 
the third at 45°. Bedrock was 80 ft. down, and the slight dip of its surface resulted 
in showing no differences in the curves made for the various azimuths. 


L. B. Suicurer.—I am glad you brought this out. In so many commercial 
applications it is necessary to work near rivers, etc., where the symmetry is not ideal, 
and it should be studied by profiles in several azimuths. 


J. Fisuer.—We try to pick areas where enough is known of the subsoil conditions, 
from drill-hole data, to permit us to establish type curves. 
F. W. Lun,t Washington, D. C.—How did you get the po value of the resistivity 


curves? 
J. Fisuer.—We find that it is not necessary to assume a zero value for the resis- 
tivity, as this can be obtained directly from the superposition. No matter how small 
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the separation, bedrock enters into the figures from the very beginning, therefore | so 
theoretical curves show no turning points. 


£. W. Lez.—In connection with these efforts of depth determination by Be resis- 
tivity method, I would like to mention the work reported in a paper recently published 
abroad, in which the induction method was used for the same purpose. Coils with 
progressively larger diameters were employed to determine the impedance of the 
ground. The experimenters found that they often secured better results than with 
the resistivity method. 


J. FisHer.—One more phase of our work I should like to mention. We found, asa 
result of three or four years experimenting, that in practice it is not true that variation 
of electrode contact resistance merely affects the sensitivity of the instrument, when 
using a potentiometer method. This follows from the fact that the contact resistance 
may be many times that of the rock or soil. Consequently we always balance the 
electrode resistances, whether using metal stakes or porous pots. 


F. H. Kruusrept,* Stockholm, Sweden (written discussion t).—The paper by Mr. 
Watson and that by Mr. Roman on interpretation of resistivity surveys are valuable 
contributions to the solution of electrical depth determinations. One advancement 
made is the negative one of showing that empirical rules, based on sharp turning 
points of the resistivity curve, are of little use for absolute depth determinations. 
It is highly improbable that there ever occur any sharp turning points caused by 
horizontal layers if the field survey is carried out properly. 

There is at first the question of obtaining the resistivity curve. In potential 
surveys, there are two kinds of anomalies that affect the readings; namely, lateral 
variations, utilized in general prospecting work, and vertical variations used in depth 
determinations. Hedstrom has referred to the two principal methods of survey as 
‘electrical trenching” and ‘‘electrical drilling.” 

In electrical trenching, influences from vertical variations of resistivity are avoided 
by using sufficiently large spacing (in the Wenner scheme) or by starting far enough 
from the current electrode (in the single current electrode system). 

In electrical drilling, there is no such easy way to avoid lateral anomalies. The 
only way out is to survey the resistivity curve in several directions from the same 
starting point. An average curve, fairly free from lateral effects, is thus obtained, 
and if the electric-geological conditions are not too complicated, this curve corresponds 
to only one combination of horizontal layers. But the interpretation must be based 
on a curve free from lateral or surface effects, a matter tha was stressed by Dr. 
Slichter and Professor Fisher at the meeting. 

The problem of interpretation has been studied by many authors. I want to add 
a short description of the method used by the Swedish American Prospecting Corpora- 
tion, which was developed by the engineers of that organization, notably Karl Sund- 
berg and Helmer Hedstrom. 

In solving the two-layer case, the Tagg method gives fairly good results, but, as 
the depth is determined by curve intersection, if more than two layers are present, 
an intersection point is usually not found and thus not even an approximate depth 
may be obtained. The Roman method is, in that respect, preferable, as it seems 
to permit a determination of the first interface even if a third layer is present at 
some greater depth. Hummel has shown that two layers with different resistivity 
may be considered as one layer, when the distance to the current electrode is far in 
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} This discussion refers also to the paper by Mr. Watson, which begins on page 
201. 
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feature of this method is that the two-layer base diagram is plotted in a double 
logarithmic scale, so that the interpretation is independent both of the actual value 


of the resistivity and the actual depth to the interface. The Racom may therefore 


be used for rapid and accurate surveying of the resistivity curve. 

Presumably the first part of this curve is influenced only by the first interface. 
Thus the first part may be matched with one of the two-layer curves, which gives the 
depth to the interface, by observing the position of a point of origin of the base diagram 
with regard to the spacing of the resistivity curve, and the resistivity ratio. 

Hummel’s principle then provides a new position of the z axis for interpretation 
of the next part of the resistivity curve on the base diagram which corresponds to the 
third layer. In this way, any number of layers can be determined as long as they are 
sufficiently prominent to be clearly reflected in the resistivity curve. 

One example of this method is shown in Fig. 27, from a survey in southern Alberta. 
At the time of the survey (several years ago) an empiric rule was used, based upon the 


potential-drop ratio curve, although we were aware of the fact that such depth — 


determinations were only relative and could be used for structure work only if the 
electrical characteristics of the beds remained substantially constant. This curve 
was later interpreted by the method described above. In addition is shown the Gish 
Rooney resistivity curve calculated in arbitrary units from the ratio curve. The 
accompanying log is from a well some distance away and shows how the sedimentary 
column is fairly simple electrically. 

In interpretation, two tendencies of the results obtained may be worth mentioning. 
One is that when the resistivity difference between two layers is very small, the depth 
determination naturally is not sharp, as a variation in depth is nearly equivalent to a 
variation of resistivity ratio, and great accuracy, both in the field survey and in the 
calculation of the base diagram, is required. Another tendency is observed if two 
interfaces are close together. They have in that case a tendency to spread, giving 
somewhat shallower depth to the upper and somewhat greater depth to the lower 
interface as compared with the actual depths. 

Mr. Watson’s systematic calculation of a set of conditions is very valuable for 
checking this and other schematic interpretation systems. The conditions he has 
chosen are also very common in nature; i. e., a poorly conducting layer in the surface, 
dry soil, etc., then a much better conductor, soil saturated with water, and finally 
a nonconductor, corresponding to a poorly conducting bedrock. It is feasible to 
introduce a correction factor for the second source of error mentioned above by sys- 
tematically interpreting such data as Mr. Watson has presented. 


This observation by Hummel may be used for reducing a multilayer problem to 
a series of two-layer problems and is used in the Swedish American method. Another _ 
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A Contribution to the Theory of the Interpretation of Resis- 
tivity Measurements Obtained from Surface Potential 
Observations 


By R. J. Wartson,* BoutpErR, Coo. 
(New York Meeting, February, 1934) 


In an earlier paper, Ehrenburg and Watson’ published the develop- 
ment for a potential function by which it is possible to obtain the electric 
potential at points on the surface of the ground when a current J passes 
between two electrodes and the subsoil is composed of parallel, homo- 
geneous layers. In view of the continued interest in the resistivity 
method of electrical prospecting, the author has considered it desirable 
to publish the results of a number of theoretical studies making use of 
this potential function, and also the results of a considerable number of 
tests with models designed to show the soundness of the mathematical 
theory. It is hoped that these results will prove how erroneous the 
various empirical rules for depth determination may be. 

It has always seemed puzzling to the author that one can find, in 
papers published comparatively recently, statements upholding empirical 
rules for depth determination, and attributing most of the irregularities of 
resistivity curves to vertical discontinuities in resistivity in the subsoil. 
It would indeed be fortunate for the geophysical investigator if such a 
simple rule held. However, numerous investigators have proved both 
theoretically and by the success of their field work that such a rule does 
not hold, even by a “rough approximation” in many cases. On the other 
hand, as is shown in the development to follow, if the underground 
conditions are favorable it is possible for such empirical rules to give a 
satisfactory depth determination. 

Authors should be more careful about making such sweeping state- 
ments about the accuracy of these empirical rules because the relative 
simplicity of the field work places the method in the hands of any inter- 
ested experimenter, and he is likely to become completely disgusted with 
the method after he has made several obviously wrong interpretations by 
empirical rules. 

There are simple and rapid methods for finding out whether the 
ground beneath the electrodes is sufficiently similar to the conditions 


Manuscript received at the office of the Institute Oct. 16, 1933. 
* Department of Geology, University of Colorado. 
1D. O. Ehrenburg and R. J. Watson: Mathematical Theory of Electrical Flow in 
Stratified Media, etc. Trans. A.I.M.E. (1932) 97, 423. 
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postulated in the mathematical treatment to warrant a depth determina- — 
tion by scientific methods. If these conditions do not prevail, the 
interpretation must be considered as purely qualitative, and the inter- 
preter should clearly say so and not be led into guessing. Such guess- 
ing in many cases has brought no great fame to electrical methods 
of prospecting. ‘ 

The scientific methods of interpretation developed to date are of 
two types, the first being the method of Tagg, which can be used on two- 
layer problems and special types of problems involving more than 
two layers, and the second being the method of comparison in which 
field resistivity curves are compared with curves computed for ideal cases. 

For problems involving two layers, Tagg’s method? and the method 
of comparison with computed curves prove satisfactory when under- 
ground conditions justify a quantitative depth determination. The 
three-layer problems present more difficulties. However, a special type 
of three-layer problem in which each succeeding layer is several times 
thicker than the layer above can be treated as an extension of a two-layer 
problem after the fashion of Tagg’s method, by breaking it into two parts. 
The first part is the determination of the thickness of the top layer and 
the ratio of resistivity between the top and the middle layer. The second 
part, which is the determination of the depth of the middle layer, can then 
be accomplished by making use of the idea of combined resistivity 
shown by Hummel.’ The two top layers are combined following Hum- 
mel’s method to give a single layer of resistivity determined from the 
resistivities and relative thicknesses of these two top layers. By a proper 
choice of this combined resistivity, the problem can be solved like one of 
two layers. Of course the kernel of this method lies in the assumption 
that the third layer is so deep that for small electrode spacings its effect 
will be negligible. With more than three layers the method becomes very 
cumbersome. Poldinit has shown how three-layer problems of this 
special type may also be interpreted by curve matching. 

When the three-layer curve is not of this special type, the method 
of curve matching is then perhaps the most reliable. Of course for this 
purpose a great number of computed curves must be used, but this method 
of interpretation is not unusual in geophysical work. When the prelimi- 
nary tests convince the investigator that the electrical character of the 
ground is sufficiently similar to that assumed in the mathematical 
development, he is justified in making the necessary mathematical 


*G. F. Tagg: Interpretation of Resistivity Measurements. Page 135, this 
volume. 
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calculations as in torsion balance investigations. There exist already a 
number of computed data for torsion balance interpretations, and it 
seems to the author that it is time a nucleus of electrical data should be 
established. Tagg has made a fine beginning in his method for the two- 
layer problem and it is hoped that the small nucleus of computed curves 
offered in this paper will be added to by other investigators. 

In this paper the mathematical theory is considered for several 
configurations of electrodes when the underground is either homo- 
geneous or composed of parallel, homogeneous, isotropic layers. Follow- 
ing this, the method of calculating theoretical apparent resistivity 
curves, using the potential function of Ehrenburg and Watson, is briefly 
reviewed. The results of these calculations for 49 cases are given in the 
form of resistivity curves. Forty-one of these curves are for three-layer 
problems, and the remaining eight are for four-layer problems. The 
three-layer curves cover sufficiently varied conditions to make them use- 
ful for general interpretation purposes for cases where the bottom layer 
can be considered a perfect resistor. The four-layer curves are published 
chiefly to show the possibilities for error when an empirical rule is used 
for depth determination. 

The results of 14 model experiments are given to serve as a check on 
the mathematical development. These comprise models for two, three 
and four layers, in all of which the lowest layer is a perfect resistor. 
These results confirm the mathematical theory. 


MATHEMATICAL THEORY FOR ELECTRIC FLow iN HoMoGENEOUS 
MEDIA 


The electric potential at a point on the surface of homogeneous 
ground due to a point-source placed at the surface as given in the paper 
of Ehrenburg and Watson’ is: 


te [1] 


where R is the distance from the point to the source of strength J, and pis 
the resistivity of the earth. Making use of this simple equation, expres- 
sions for the resistivity of the ground may be derived when two or more 
current electrodes are used and differences in potential between points 
on the surface are measured. This is exactly the procedure of resistivity 
prospecting. In the discussion to follow, expressions for the resistivity 
of the earth will be derived when the configuration of electrodes follows 
the plan of Wenner,‘ Lee,’ and a method called by Ehrenburg and Watson 


5 Reference of footnote 1. 
6 Wenner, F.: A Method of Determining Earth Resistivity. U. 8. Bur. Stds. Scz. 


Paper 258 (1915) 469-478. 
7, W. Lee, J. W. Joyce and P. Boyer: Some Earth Resistivity Measurements. 


U. S. Bur. Mines Inf. Circ. 6171 (1929). 
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the “‘one-electrode system’? but which is identical with W. 


Keys? call the “‘single-probe method.” 3 
is all these methods it must be remembered that the dicoéske palate 


more deeply as the current electrodes are placed farther apart. It can be a 
shown, without much difficulty, that approximately 30 per cent of the | 


current penetrates below a depth equal to one-third of the distance — 
between the current electrodes. Weaver? and Bardeen and Peters!® 
have discussed this in their papers. 


Derivation of Value of Resistivity of Earth Using Wenner Configuration of 
Electrodes 
The configuration is shown in Fig. 1. Ci and C2 are the current 
electrodes, P; and P, are the potential electrodes. They are placed in a 
line at a distance a apart. Taking advantage of this symmetrical con- 
figuration, the derivation of the value of the resistivity may be easily 
obtained. 


Fig. 1.—WENNER CONFIGURATION OF ELECTRODES. 


Using equation 1, 
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The difference in potential that may be measured with a potentiometer is 
(v1; — v2). Thus, 


Transposing, the resistivity may be written 


ie 2ra [2] 
In connection with the Wenner configuration, it can be shown that 
it does not matter whether the current electrodes are inside or outside 


of the potential electrodes. At first thought this may seem rather odd 


* A. S. Eve and D. A. Keys: Applied Geophysics, 107. Macmillan. 

*W. Weaver: Certain Applications of the Surface Potential Method. Trans. 
A.I.M.E. (1929) 81, 68. 

” J. Bardeen and L. J. Peters: The Solution of Some Theoretical Problems which 


Arise in the Electrical Method of Geophysical Exploration. Univ. Wisconsin Eng. 
Expt. Station Bull. 70 (1930). 


because the current paths must be quite different in the two cases, the 
Ss: penetration being much greater in the latter case. The derivation is 


simple and is as follows: 
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and 
p = 2na-p [3}* 


Derivation of Value of Resistivity of Earth Using Lee Configuration of 
Electrodes 


In Fig. 3 a plan of the Lee configuration of electrodes is shown. C1 
and (, are the current electrodes, P:, P2 and Ps are the three potential 
electrodes. They are all placed in a line and the configuration differs 


Mien Povey UAL hl ue oe. 
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Fig. 3.—LEE CONFIGURATION OF ELECTRODES. 
from the Wenner only in that a third potential electrode P; is placed 
midway between the current electrodes and serves to partition the 
electrodes. For homogeneous ground this third electrode would con- 
stitute a “neutral tap.” 

In practice two values of Av are measured, one between P; and P3 
and the other between P, and P;. In this derivation the strength of the 
sources is assumed equal to J and —J, and so the potential at Ps will be 
zero. The potential at Pi and P: will be the same as in the Wenner 
system. Then the value for the resistivity taken from either side will be: 

ee sear [4] 
but the value of Av will be only one-half of its value in the Wenner method. 

Obviously, the chief advantage of this method over the Wenner is 
that the field operator obtains an idea of the uniformity of the resistivity 
of the ground, but as to depth determination, it has no advantage 


* See author’s reply to discussion, page 235. 
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ko debhe If the measured resistivity of the two sides is aby 
ent, the interpreter is not justified in assuming that the resistivity of the — 
subsoil is approximately uniform laterally, and an exact depth determina- 

tion should not be attempted. 


Derivation of Value of Resistivity of Earth Using Dig Serie has Configuration 
of Electrodes 


A plan view of this configuration of electrodes is shown in Fig. 4. 
By placing C2 at a sufficient distance from Ci, the potential distribution 
around C, can be assumed as due to C, only. To make this most effective, 
the field practice is to measure the potential at points along the circum- 
ference of a circle with center at C2 and radius equal to the distance 
between C,and C2. However, for distances away from C; small compared 
to the distance between C; and C2, the potential line may be taken at 
right angles to CiC, as shown in the figure. Then at points along the 


= 


r 
Ci——t- = es 


~ Fie. 4.—ONE-ELECTRODE CONFIGURATION OF ELECTRODES. 


potential line, the potential due to C2 is very nearly equal and can be 
neglected because it will drop out in making the expression Av. 

The points at which the potential is measured are usually equally 
spaced for convenience in computing, and it is customary to place the 
two potential electrodes so that P, is twice as far from C; as P;. The 


distance from C, to Pi may be considered as a, and the distance to P, as 
2a. Then, 


Ce (v at P;) 
v2 = ee (v at P»2) 
Av= es 
hence 
p = 4a [5] 


This is the same expression as in the Lee method and is similar to the 
Wenner, differing only by the factor 2. Thus although the current flows 
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‘in an entirely different manner through the subsoil, because the two cur- 
rent electrodes are now very far apart, the expression for the resistivity 
is the same. It is also to be noted that in this method only the potential 
electrodes are moved, but that with increasing values of a the effects of 
the lower parts of the subsoil become more apparent. The extent of this 
effect will be made more clear when the subsoil is considered as composed 
of homogeneous parallel layers of different resistivities. 

Now, the expressions derived for these three cases apply only to homo- 
geneous ground. What can be said about this matter when the ground 
is not homogeneous in resistivity? As will be shown in the derivations 
to follow in the next section, the value of the resistivity obtained by 
any of these three configurations of electrodes will be the same when 
the subsoil is composed of homogeneous parallel layers. When the sub- 
soil is not homogeneous in resistivity or is not composed of homogeneous 
parallel layers, the values of resistivity determined by the three methods 
may not be the same; in fact, they are practically always different. This 
can be easily imagined if one considers the possible distortions of the 
normal electric flow due to lateral variations in the resistivity of the subsoil. 

When the ground is not homogeneous in resistivity, the value of 
resistivity determined has been called the “apparent resistivity” and 
cannot be considered to be the resistivity of a definite depth of earth 
but rather a weighted average of the layers of different resistivities, 
the weighing being constantly changed with the electrode spacing. 


MATHEMATICAL THEORY OF ELECTRIC FLtow Appiiep TO DEPTH 
DETERMINATION OF DISTURBING Masses Havine RESISTIVITIES 
DIFFERENT FROM THOSE OF THE SuRROUNDING MATERIAL 


Scope of Problem 


The problem of finite bodies of differing resistivity has been attacked 
with some success by Hummel.!! A moment’s consideration of the 
possible apparent resistivity curves that could be obtained when such 
conditions prevail convinces one that only with a considerable theoretical 
knowledge can one hope to distinguish the effects of lateral and vertical 
discontinuities in resistivity in the subsoil. Also, the more geological 
information the interpreter has at hand the better will he be able to 
ascribe the results obtained to their proper causes. In general, however, 
it is not safe to assume that changes in lithologic character are always 
accompanied by changes in resistivity. When one fully realizes the 
complexity of conditions that are possible with finite bodies, one is quickly 
led to the conclusion that the determination of the depth as well as the 
areal extent of such bodies is, even for the most favorable conditions, a 
most difficult problem. Resistivity problems thus can be divided 
Reig eee eee oe V tent ever eee 


11 J. N. Hummel: Reference of footnote 3, 397. 
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logically into two main groups, the one being the areal extent of fin finite 


bodies and the other the depth to layers of differing resistivity that are 7 


assumed to extend laterally to a great distance. 

Since the problem of the areal extent of finite bodies is largely qualita- 
tive in its interpretation, this particular field of resistivity prospecting 
will be dismissed with this brief mention. The problem of depth deter- 
mination, on the contrary, is largely quantitative in its interpretation, and 
thus it becomes imperative to have data prepared so that these eens ae? 
tions may be made as directly as possible. 

Obviously, the more closely the field conditions approach those 
assumed in the mathematical theory, the more exact will be the depth 
determination. If these ideal conditions are not closely realized in the 
field, the depth determination is likely to be in great error, because, not 
knowing the character of the departure from the ideal conditions, there 
is no way of compensating for it. When the possible departures from the 
ideal case of parallel homogeneous beds are considered, one can easily 
understand how much more abrupt changes in resistivity values with 
electrode spacing may be obtained than are allowed for in the ideal 
cases. That these abrupt changes are not always of diagnostic value 
in depth determination is only too true. When an empirical rule does 
give correct results, the rules are held up as sufficiently correct for general 
interpretation, but when they give wildly erroneous results, as they 
frequently do, some very interesting assumptions are put forward to 
explain away the trouble. The author’s field experience has convinced 
him that there are many times when the only conclusion to be reached 
from the field data is that conditions are too complex to make a depth 
determination and that the results can be used only qualitatively, if at all. 

The object of this paper is twofold: first, to show that the only 
safe method of interpretation is the one in which the physical principles 
demonstrated by mathematical computation and checked by model 
experimentation are used as a basis, and second, to present a first nucleus 
of computed data to be used in the interpretation of three-layer problems. 


Use of Ehrenburg-Watson Potential Function in Calculating Potential at 
Points on Surface When Subsoil Is Composed of Homogeneous Parallel 
Beds 


Only the application of this potential function to resistivity problems 
will be considered in this section, but this same function can be applied to 
any surface potential method Day the subsoil may be considered as 
being made up of a series of parallel homogeneous layers. Naturally, 
this potential function is similar to those developed by other authors 
using the image theory, but it is believed that it possesses some points of 
superiority, which will be commented upon shortly. A detailed account 
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. of the derivation of this function may be found in the paper-by Ehrenburg 
-and Watson.!2 The function will be assumed derived. 


Ehrenburg and Watson found that in the case of a point electrode 
of strength I at the surface, the potential at any point P, also on the 
surface, at a distance R from this electrode could be expressed as follows 
Reece dele QC bay FRY HAS isiteieys od 20s 0 bie a2 
- Fle t+ yeim | Veto vere © 
where p: is the resistivity of the top layer, R is the distance along the 
surface from P to the current electrode J, m is the distance from P to the 
first image, 2m the distance to the second image, etc., and Q1, Q:, etc., are 
the coefficients of the strengths of ° 
the images. Thus, the first term 
within the bracket is due to the x a 
source and the following terms are a ae 
due to the images. If the ground A 
were homogeneous Q would vanish 5 PAS 
and the expression for potential =~ SAL p 
would reduce to that given by I Se 
equation 1. A clearer idea of how a 
this potential expression is built up : 2, 
may be given by means of Fig. 5. A 

In setting up an ideal problem es 
such as is shown in Fig. 5, all the —.?—44—_______*-_ 
beds are arbitrarily made m/2 or 


some multiple of m/2 in thickness. _ 
This makes all the images lie at y 


distances of m apart, and herein 
lies the particular advantage of this Fig. 5.—Postrions oF THE SOURCE, 
potential function. The positions of ImAGHS AND ELECTRODES IN THE CASE_OF 
all the images are always known, PARALLEL, HOMOGENEOUS BEDS. 

and the only difficulty becomes the determination of their strengths. 
In Fig. 5 a three-layer problem has been selected. Here, the top 
layer is m/2 thick, the second layer, 6m/2, and the lowest layer 
ig assumed to extend infinitely downward. Of course all three 
layers are assumed to extend to an infinite distance laterally but for 
practical purposes all that is necessary is that the lateral extent be large 
compared to the depth of the two top layers. 

As in every other case, the images will lie at m, 2m, 3m, etc., out 
to infinity. The factor 2 occurring with the Q’s in equation 6 takes into 
account the fact that the air-earth boundary acts as a perfect mirror 
and for every image underground there will be a corresponding one of 
equal strength in the air. 


12 Reference of footnote 1. 
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The formulas for Q were derived in the paper of Bs ase “I 
son up to Q, in terms of A, which has been called the “reflection coef- 
ficient.” The general expression for A, given in the earlier Papert is 

Pn+1 — Pn val 

Awe Pn+1 ss Pn [7] 

where p, and p, + 1 are the resistivities of the n and n + 1 layers, each of 
thickness m/2. 

In the table for Q given below, the values of Q up to Qe are given. 
For three-layer and four-layer problems all the remaining values of Q 
needed can be obtained easily by symmetry from those given here. 


Table of Values for Q 


Qi = Aj 
Q2 os (1 Sa A,")Ae 4; AiQi 
r= (i = Ay (Daas Ar A1A2)Q2 + A2Qi 
Qs = (1k — Ai”) - = + (1 — As?)Aa + (Ai — Aide — A2A3)Q3 
i (Ae AAs A,A2A3)Q2 + A3Q1 
Qs — (1 =< A?) ee (1 ema A4*)As ae (Ai = AA, = AsAs is A3A4)Q4 


+(Az — AiA;3 — AeAg + A1A2A3 + AiA3A, — A,A2A3A4)Q3 x 
+ (A; — A1Ag + Ai1A2Ag + AcAsAs)Qo + AsQi 
Qe A aa as 
+ (Ai — AiA2 — AoAs — AzAs — AsAs)Qs 
+ (Ae — A1A3 — AzAg — AzAs + ArA2A3 + Aid3A4 + AiAiAs 
— AyA2A3A4 — A1A2AsdAs — AsA3A4A5s) Qs 
+ (As — A1A4 — AcAs + ArA2Ag + Adz, + AiA3A5 
+ A2AyAs — AiA2A3A5 — A1A3A4A5)Q3 
+ (Ag — AlAs + ArA2As + AcdsAs + AzAsds)Q2 + AsQi 


The ideal curves in this paper were computed with a potential elec- 
trode spacing interval of m/4. That is, if the thinnest bed in the vertical 
section has a thickness of m/2, the electrode spacing (a in the Wenner 
method) is increased by intervals of m/4. Obviously, the scale is purely 
arbitrary. For instance, if m/2 is set equal to 20 ft., the electrode spacing 
will increase by intervals of 10 feet. 

Now, since the positions of the images are the same for all the prob- 
lems, it is convenient to make a set of tables of the distances from the 
point P on the surface to the various images. Fig. 6 shows how this 
is done. 

Letting the value of the electrode spacing interval m/4 be equal to 
unity, the depth of the images will be 4, 8, 12, 16, ete. Then in equation 
6, the values of the radicals in the denominators will be as follows for 2: 


VR? +m? = V1 + 16 
VR? + (2m)? = V/1 + 64 
VR? + (3m)? = »/1 + 144 and so forth, 


—= 


ee a! te ee i Bs 


and for v2: 


« 
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Vip mt = JTF 16 
a/R? + (2m)? = V4 + 64 
V/R? + 8m)? = 4/4 + 144 and so forth, 
and similarly for all other values of v. 

For the purpose of computing, tables have been constructed giving 
the value of the reciprocal of the square roots. As many as forty terms of 
the series have been used in 
calculating the potential at a 
single point. Of course the points 
farther from the current electrodes 
require more terms for their 
calculation because the distances 
to the images do not increase as 
rapidly as for those close to the 
electrode. These tables may be 
used in any problem requiring 
the potential at points on the 
surface when the underground | 
is composed of parallel homo- Q, , 
geneouslayers. Theconstruction | 
of these tables requires consider- 
able time, but they are well worth 
the trouble when one considers the tremendous amount of labor they 
save in the routine calculation of resistivity curves. 

_ It is realized that the weakness of this solution and all other solutions 
that make use of the summation of image effects lies in the slow con- 
vergence of the infinite series. Several papers! published since that by 
Ehrenburg and Watson contain solutions in which more rapidly converg- 
ing series are used, but an extensive knowledge of advanced mathematics 
is necessary to obtain numerical results. 


Fig. 6.—IMAGE DISTANCES TO POINTS ON THE 
SURFACE. 


Derivation of Value of Resistivity of Earth as M easured on Surface When 
Subsoil is Composed of Parallel, Homogeneous Layers 


In this section formulas will be derived for the three configurations of 
electrodes used before; the Wenner, the Lee, and the One-electrode. 

Wenner Configuration of Electrodes.—The derivation is identical with 
that on page 6 except that instead of using the simple potential function 
given by equation 1, equation 6 must now be used. Then, 


13],, V. King: On the Flow of Electric Current in Semi-infinite Stratified Media. 
Proc. Royal Soc. London (1933) 139, 237-277. 
M. Muskat: Potential Distribution About an Electrode on the Surface of the 
Earth. Physics (1933) 4, 129-147. 


INT ERPR RETA \TION a OF 


| 201 tee 
o, = Bl + e+ tee + oe 
pilj 1 Pi ey «ves SE ET es op 79q)? 4 (3m)? 

ale + Va)? +m * /@a)? + Om)? * V/(2a)? Co 
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pi vo 
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oe ce) ie ee: 
_ pl 2Q2 2Q3 
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Da a= pill + 4a{QiP., = Q2P a +. Q:Pa, + aie ie }] [8] 


where the P’s are the values of the brackets in the previous equation and 
remain the same for all the problems in which the two potential electrodes 
are placed so that one is always twice as far away from the current elec- 
trode as the other. Equation 8 may be written in more compact form, 


[ 
’ 
i. 
: 
\ 


n= 0 


pats pif + 4a, > QnPox'| = pit + B,) 3 (9) 
n=1 


Lee Configuration of Electrodes.—On substituting the potential func- 
tion 6, results identical with the Wenner configuration are obtained. 

One-electrode Configuration of Electrodes—This method also gives 
identical results with the Wenner method. 


Computation of Typical Problem Using Ehrenburg-Watson Potential 
Functions 


One of the three-layer problems computed in this paper is shown in 
Fig. 7. The first operation is the calculation of the values of Q according 
to the formulas given above. For this problem the values are: 


7, *. |). 


——_—— 
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nm Qn nm Qn mi bQyinsa” cub epee Qe 
1 0.960 8 0.916 15 —0.888 22 0.954 
ae il 022 9 —0.886 16 0.946 23 —0.985 
3 —0.885 10 0.934 17 —0.981 24 1.000 
4 0.928 11 —0.971 18 1.000 25 —0.936 
5 0.966 12 1.000 19 —0.940 26 0.907 
Gey 1.000 13 —0.947 20. 0.907 27 —0.896 
7 0.954 14 0.911 21 —0.892 28 0.962 


The set of tables giving the values of the distances of the images 
designated by P are assumed already prepared. or this work the values 
br tor a particular value OL @. oe 


were mimeographed on a sheet eee ee Ae 
that was used for computing. é, = |/a9 emia: 
Each sheet contained the neces- eo. = 1/49 Z 


sary values for computing one 
point on a resistivity curve. The fan tS ae le 

values of Q given above could be Oo, = coe As= 0 
used for all the points on the @"= cS Ke 


’ eurve for a single problem. A eC. = 


sample sheet of the computation 
for potential electrode spacing — — —— —- —_ —_~ 
No. 13, that is, for a = 18, is Fig. 7.—A THREE-LAYER PROBLEM. 
shown below. If the first layer in Fig. 7 were 20 ft. thick, the 
sheet would give the calculations for a = 130 ft.; if the thick- 
ness of the top layer were 50 ft., the calculations would be fora = 325 feet. 
Since the infinite series does not converge rapidly, it would be con- 
venient to estimate the error caused by dropping terms. Only in cases 
where the series is alternating in sign and with each succeeding term of 
smaller absolute value than the preceding term can this error be con- 
veniently determined. In all other cases in this paper the series has 
been continued until the last term included is not more than one per cent 
of the first term. This is the procedure followed in the four-layer curves. 
In the three-layer curves an independent check was used because the 
lowest layer in all these problems was considered to be a perfect insulator. 
In all problems of this type, given on Figs. 9 to 15, the value of resistivity 
approaches asymptotically a straight line through the origin. This fact 
was noted by Hummel.* The slope of this line can be calculated rather 
easily by making use of another fact brought out by Hummel. For 
values of a much greater than the depth of the several beds lying on the 
layer of infinite thickness, a combined resistivity can be used for the 
overlying beds which is obtained from the simple formula: 
Pc Pl p2 p3 Pn 
issn 
14 J, N. Hummel: Reference of footnote 3, 406. 
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where p, is the “combined resistivity,” h. is the penne de ) 
hi, he, hs, etc. are the thicknesses of the various beds of resistiv 
1, p2, ps, etcetera. ‘ ae <9 

For example, in the problem of Fig. 7, for values of a eh greater 
than the depth to the perfect insulator, the resistivities of the top layers 


may be lumped to give a combined resistivity as follows: 


4 ee 


Thus, for calculating that part of the curve for which the potential 
electrode spacing is well in excess of the depth to the perfect resistor, the 


n P Positive Negative 
os 5n Product Product 
a - 0,960 0.0355 0.0341 
2 0,922 0.0287 0.0265 
3 - 0,885 0.0216 0,0191 
4 9,928 0.0158 0,0146 
5 - -0,966 0.0114 0.01105 
6 1.000 0,00838 0,00838 
7 - 0,954 0,90622 0.00593 - ; 

8 0,916 0,00470 0.00430 ; 
9 - 0,886 0,00361 0,00311 — 
10 0,934 0,00281 0.00262 
cit - 0,971 0,00223 0,00216 ' 

12 1,000 0,00189 0,00189 
13 ‘= 0,947 0,00146 eraaey 0,00138 , 
14 0,911 0,00120 0,00109 
15 - 0,888 0,000995 0,000884 
16 0.946 0.900836 0,000790 
17 - 9,981 0,000708 ; 0.000695 
18 1,000 9,000631 0.000631 
19 - 0,940 0,000519 0,000488 
20 0,907 0.000450 0,000408 
21 - 0,892 0.000392 0.000350 
22 0,954 0,000343 0,000327 
23 - 0,985 0,000302 0,000298 x 
24 1,000 0.000268 0.000268 
0.961804 0,079545 


Positive Total 0,0618 


Negative Total 0,0795 
Difference - 0,0177 x (4x13) # = 0,922 


e 13 = 0.078 


Fia. 8.—SAMPLE OF CALCULATION SHEET. 


problem can be treated as one of two layers, the resistivity of the top 
layer being now 0.027 and of the lower layer infinity. In this way the 
straight line could be obtained more easily. This same method: may be 
employed to calculate the portion of resistivity curves for which the 
potential electrode spacing is greatly in excess of the total depth to the 
layer of infinite thickness. 

There is a still easier way to use Hummel’s results in cases where the 
lowest layer is a perfect resistor. For any point on the curve the value of 
the resistivity is obtained by means of formula 9, 


i pi(l + B.) 
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where B, is four times the value of the infinite series multiplied by a. 
Since for these curves p; has been selected arbitrarily as equal to unity, 
the value of resistivity is simply 


po =1+ 2B, 


The straight line given by Hummel for the case when the top layer 
has a resistivity of unity and the lower layer infinity has a slope equal to 
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Fig. 9.—THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF MIDDLE 
LAYER. 


1.3863 when the electrode spacing in units equal to the depth of the upper 
layer is plotted against the resistivity. Fig. 16 shows the situation 
clearly. To make use of this curve, the total thickness of the top layers 
above the perfect resistor in the three-layer problem is taken as one 


yg aa ee 


216 INTERPRETATION OF RESISTIVITY MEASUREMENTS 


unit of electrode spacing on Fig. 16. For the problem being « 

eight units of electrode spacing equal one unit on the abscissa 
Referring to expression 9, it will be seen that the value of a 

change with the value of pi. Thus in Fig. 16, there may be drawn a 


of straight lines of different slopes depending on the value of p:._ In t he "i 
problem under consideration p; is not unity but 0.027. For the electrode 
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ELECTRODE SPACING 
Fic. 10.—THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 
MIDDLE LAYER. 
spacing equal to the depth of the bed and with pi = 1, the value of the 
resistivity is given by a straight line with slope 1.386, then the value of 
1 + B. fora = 1 will be 1.386. Referring to the problem in question, for 
electrode spacing equal to eight units, the value of resistivity for the 


straight line will be 0.027 X 1.386. Thus the slope of the asymptotic 
line may be easily obtained. . 


R. J. WATSON 


Now the values of resistivity as computed from the infinite series 


eee approach this line, and if a sufficient number of terms are 


used, the resistivity curve will gradually merge with it. However, for 
electrode spacings past 20 units, the number of terms that must be 
included in the series becomes cumbersome and any short cut is most 
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Fig. 11.—THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 
MIDDLE LAYER. . 


welcome. In the three-layer problems computed, the resistivity curves 
approached the asymptotic line very closely before 20 units of electrode 
spacing was reached, and so the author was spared the great labor of 
computing these more distant points. In the four-layer problems, no 
perfect resistor was assumed below, hence the points on the resistivity 
curve beyond 20 units of electrode spacing had to be obtained by persist- 
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ent labor. Naturally, the accuracy of these points ails not k 
as in the three-layer problems, but the general shape of the 
maxima, the minima and points of inflection will occur at the corre 
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Fia. 12.—THREn-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 
MIDDLE LAYER. 


Discussion oF CompuTEeD Resistiviry CurvEs 


Forty-nine theoretical curves are presented in this paper. Of these, 
41 are for three-layer problems and 8 are for four-layer problems. The 
first 35, on Figs. 9 to 13, show the effect of thickening the intermediate 
layer for seven ratios of resistivity. It is believed that these ratios will 
cover most practical cases. The ratios of resistivity corresponding to the 
values of A; indicated on the graphs are: 
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Ai =, — 0.33, ‘pone Yi Ai = — 0.80, po Yeo. 
A: = —0.50, ps = Mp A; = —0.90, — p2 = {901 
A; = —0.60, px = Yr Ai = —0.96, — p2 = Moni 
A, = —0.70, p2 = 6.67p1 
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Fic. 13.—THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 

- MIDDLE LAYER. 

On Figs. 14 and 15 are shown the effect of increasing the thickness 
of the top layer and keeping the middle one constant, for three values of 
A. This same effect was noticeable in the curves obtained from the 
model experiments. 

In all these three-layer problems, the lowest layer is assumed to extend 
indefinitely downward and to have infinite resistivity. Thus the reflec- 
tion coefficient for the lowest boundary will be unity in all the problems. 
For this reason all the curves approach asymptotes, which appear to 


a=. 
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ic ret Pee J 
radiate from zero. Of course, if the resistivity of the lowes 
only 50 times as great as the middle layer, the effect would b -alme 
great because of the “saturation effect.” The idea of saturation | 


is easily obtained by noting that the reflection coefficient A is determine do 
by the ratio of resistivity of the beds on either side of the boundary and is 
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Fic. 14.—THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 
MIDDLE LAYER. 


given by equation 7. For a ratio of resistivity of 49:1, the value of A 
is 0.96, and for a ratio of 99:1 the value of A has increased only to 0.98. 
Thus a bed 100 times as resistive as the overlying beds acts almost as a 
perfect resistor. Such conditions are relatively common in practice, 
such as bedrock underlying glacial or alluvial material. 

There is an important feature to be noted in these three-layer curves. 
Comparison of curves for various stratigraphic sections and ratios of 


: 
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‘-' ? 
“3 resistivity shows that, by properly adjusting the ratio of resistivity, the 
minimum may be made to coincide with the electrode spacing equal to the 
depth of the top of the resistor. This would seem to explain why it 


frequently happens that the Gish-Rooney empirical rule works so well 
under some conditions. That the rule has no theoretical basis is shown 
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Fic. 15.—-THREE-LAYER PROBLEM, SHOWING EFFECT OF VARYING RESISTIVITY OF 
MIDDLE LAYER. 
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by the fact that the minima may also lie on either side of the particular 
electrode spacing equivalent to the depth to the resistor. Obviously, 
no other similar empirical rule has any basis either. 

One disturbing feature about these computed curves is the danger 
of a completely erroneous interpretation when the ratio of resistivity 
of the top to the middle layer is not known. There is a great similarity 
between curves belonging to one set of stratigraphic and ratio conditions 
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and other curves belonging to an entirely different set of contact ‘ 
and ratio conditions. While definite differences are noticeable on 
computed curves, it is to be doubted whether field curves would. be 

sufficiently accurate to make this difference detectable in some instances. 
To mention a specific case, curve 5 of Fig. 10 and curve 4 of Fig. 11 might © 
be cited as being similar in features that are used for interpretation. 
If the field work was begun at a borehole where the depths to various 
layers are definitely known, it might be possible to deduce the ratios of 
resistivity from the character of the field curve; then, with this knowledge, 
the depth could be determined at points away from this first calibrat- 
ing station. . 

Turning to the four-layer problems 
given on Figs. 17 and 18, the effect of a 
comparatively thin layer of conducting or 
resisting material within a larger bed may 
be seen. In all cases presented, the con- 
ductor has a relatively greater effect than 
the resistor. This fact has been pointed 
out as a theoretical result by Weaver and 
also by Hummel. Also, unless the resis- 
tivity of the disturbing bed is sufficiently 
higher or lower than the surrounding 
medium, the existence of the bed is likely 
to pass unnoticed. Curve 1 on Figs. 17 

BL NCEn Gre Eke and 18, where the disturbing bed is only 
pO ne FOES ory enue three times as resistive or conductive as the 
WHEN A PERFECT RESISTOR Is Surrounding medium, might be interpreted 
OM NS TWO-LAYER simply as a two-layer case. Note also 

curve 3 of these two plates. A Gish- 
Rooney interpretation for the top of the lowest bed would be quite 
incorrect. 

From these computed curves, one can easily see the dangers of inter- 
pretation when more than three layers are present, especially 


when relatively thin conductors or resistors are embedded in rela- 
tively thick formations. 
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Discussion OF CURVES OBTAINED FROM Mopret EXPERIMENTS 
Description of Model Technique 


The work with the models was done chiefly to confirm the correctness 
of the theoretical studies. An additional. objective was to show that 
models could be constructed that would give results comparable with 


ideal cases. It has been the author’s fortunate experience to realize both 
of these objectives. 
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The experiments were made in a box 10 by 15 ft. On the bottom 


was placed a rubber sheet. The significance of this sheet in all the 


experiments is that the lowest layer must be considered a perfect resistor 


of infinite depth because no current could flow below the rubber sheet. 


The material used for making the model strata was a sandy shale from the 
Pierre formation that outcrops at Boulder. This material was prepared 
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Fig. 17.—Four-LAYER PROBLEM, SHOWING EFFECT OF THIN LAYER OF CONDUCTING OR 


RESISTING MATERIAL. 


by careful screening and mixing. The moisture content was altered to 
change the resistivity. Tests of the resistivity were made by placing a 
sample in a cylindrical tube the sides of which were of insulating material. 
A definite system of packing was employed to obtain approximately the 
same ‘packing for the various samples. Contacts were made over the 
whole area of the two ends with clean copper plates. The voltage drop 
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across the length of the cylinder for a given current w. sm 
the resistivity calculated from the simple form of Ohm’s law: 
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Fig. 18.—FouR-LAYER PROBLEM, SHOWING EFFECT OF THIN LAYER OF CONDUCTING OR 
RESISTING MATERIAL. 


where A is the area of each end, L is the length of the cylinder, AV is the 
voltage drop, and J is the current passing through the clay. Of course 
it is only the ratio of resistivity that controls the shape of the curve, 
and not the absolute resistivity. Hence in many cases only the ratio 
of resistivity is given. 

Masses of earth of different resistivity were placed in the box and 
rolled to form beds. A canvas sheet placed over the material to be rolled 
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made it possible to roll the material more efficiently with less sticking of 


‘the material to the roller. The roller was made by filling with concrete 


a piece of 14-in. stovepipe 30 in. long. After some preliminary work it 
was found that layers could be rolled with surprising uniformity of 
thickness and resistivity. The results to be given in the following pages 
will bear this out. ‘The few curves presented here are only a small part 


of the results obtained from almost one hundred models. 


As would be expected, the values of resistivity obtained from the 
cylindrical test box and those obtained from the measurements with 
electrodes on the model are not exactly the same. The packing done by 
the roller is different from that done by hand in the test box. However, 
since it is the ratio of resistivity that is important, it has been assumed 
that the ratio determined by the test box is the same as that which existed 


Fig. 19.—Cross-SECTION OF MODEL. 


in the model. It is freely admitted that this is an assumption, but the 
results obtained from the model work indicate that the assumption is 
sufficiently correct. 

For current electrodes small monel metal nails slightly less than 
one-eighth inch in diameter were used. The nonpolarizing potential 
electrodes were miniature porous pots containing copper sulfate solution. 
These were of porous porcelain and were less than 1 in. in diameter 
where they entered the earth model. Fig. 19 is a cross-section of the 
model showing the beds, the electrodes and the template used to keep the 
electrodes accurately spaced and in place. This template was a thin 
piece of composition board about the size of a yardstick. Holes were 
bored at the proper intervals to accommodate the current and potential 
electrodes. In the figure the method being used is the one-electrode, 
hence only the one current electrode appears. The other one is some 7 ft. 
away. The unit of electrode spacing was the inch, and the unit of resis- 
tivity the ohm-inch. 

Either the Wenner, or the one-electrode method was used in all the 


experiments. As shown before in the theoretical discussion for the case 
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of parallel homogeneous beds, it does not matter whether the Wenner, F 
the Lee, or the one-electrode method is used, because the results are 
identical. If the parallel beds are not entirely homogeneous and lateral - > 
variations exist, the results obtained by the three methods may not be 
the same. +} id 
Problems involving two, three and four layers were attempted. 
The two-layer problems served to indicate that approximately homo- 
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geneous layers could be laid over the rubber sheet, and also that the 
Wenner and the one-electrode methods yield substantially the same 
results. The three-layer problems show the effect of the thickness of the 
top layer, the thickness of the middle layer, and the ratio of resistivity 
between the top and middle layers. One interesting experiment per- 
formed with a three-layer case shows what has been proved mathe- 
matically before; namely, that with the Wenner method it does not matter 
whether the current electrodes are outside or inside of the potential 
electrodes. The four-layer problems attempted show that unless the 
ratio of resistivity is sufficiently high, such problems might be mistaken 
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for two-layer problems in the field. All the experiments bear out the © 


truth of the mathematical development surprisingly well and prove 


conclusively that any rule of thumb method of interpretation is, to say 
the least, liable to great error. pbs 
Discussion of Results of Two-layer Problems 


A resistivity curve obtained from a two-layer problem is shown 
on Fig. 20. For the sake of brevity only the results of one such problem 
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Fie. 21.—THREE-LAYER MODEL EXPERIMENTS FOR TWO WENNER CONFIGURATIONS OF 
ELECTRODES. 
are shown, but the results of many other problems in which different 
thicknesses of material and different resistivities were used are equally 
convincing. The curve is of the type to be expected from the mathe- 
matical analysis and shows no abrupt change of resistivity in crossing 
the electrode spacing equivalent to the depth of the bed. 


Discussion of Results of Three-layer Problems 


One of the most interesting three-layer problems performed was a 
check on the mathematical derivation for the Wenner method when the 


electrodes. Fig. 21 shows the results of this experiment. Cons 
the fact that changing the position of the current electrodes changes 1 1e 
current paths markedly, one must admit that these results prove that " 
the layers were approximately homogeneous both laterally and vertical, Pi 
and that the mathematical analysis is amply justified.* > 
In Figs. 22, 23 and 24 are shown the results of three-layer problems | 


in which the middle layer is 22.5 in. thick. In Fig. 24 the ratio of resis- 
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tivity of the top to the middle layer is 1.6:1, in Fig. 23 the ratio is 4:1 and 
in Fig. 22 it is 6.8:1. All these ratios were determined by the test box. 
For each of these cases three experiments were performed with different 
thicknesses of the top layer. In all three figures an increase in the thick- 
ness of the top layer moves the electrode spacing of the minimum to a 
larger value and also increases the value of resistivity for the minimum. 
This is precisely what occurred for the same conditions given in the com- 
puted curves. 

Ideal curves have been computed for conditions similar to the thickest 
layer curves in Figs. 22 and 23. In both these model curves the thickness 
of the middle layer is nearly five times that of the top layer. These 
conditions can be duplicated almost exactly on Fig. 13, both as to thick- 
ness and ratio of resistivity. If the model and computed curves are 
compared carefully, it will be found that the position of the minima in 
both the model curves occurs at electrode spacings equivalent to the 
electrode spacings in the computed curves. As noted before, the scale of 


*See author’s reply to discussion, page 235. 
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“ 
_ the computed curves is purely arbitrary. For instance, in Fig. 24 the 


depth of the top Lge is 5 in. for the deepest case. The ratio of resistivity 
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is 1.6:1, which is close to 2:1. Now, on Fig. 13 for the ratio of resistivity 
One niet makes A, = —0.33, the minimum occurs at 6.5, and the ratio 
of the electrode spacing of the minimum to the depth of the top layer is 


This is a vninviat ls ah check. 

Another case is the curve corresponding to the thickest oe ant 
of Fig. 23. Here the greatest depth of the top layer is again nearly one- 
fifth that of the second layer, so again Fig. 18 may be used for comparison. 
The ratio of resistivity for this model curve is 4:1 which means that 
A, = —0.6. In the computed curve the ratio of the electrode spacing 
of the minimum to the depth of the top layer is 8:2 or 4:1, and for the 
model the ratio is 4:1. 

For the other curves of Figs. 22, 23 and 24 there are no covrespohding 
computed curves given. 
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Model curves for which the middle layer is 16.8 in. and the ratio of 
resistivity of the top to the middle layer is 4:1 are shown on Fig. 25. 
Several thicknesses of the top layer were used. The curve for which the 
thickest top layer was used may be matched with curve 3 of Fig. 13. 
In this computed curve the ratio of electrode spacing of the minimum 
to the depth of the top bed is 8:2 or 4:1. In the model curve the mini- 
mum is as 12.5 in. when the top bed is 3.2 in., which gives a ratio of 3.9:1. 

In all these three-layer cases the smoothness of the model curves 
is remarkable. When one considers some of the irregular curves actually 
obtained from field work where one does not know about the strati- 
graphical conditions, let alone the electrical ones, it seems strange that 
investigators should put much trust in them as far as accurate depth 
determinations are concerned. Clearly, curves of this sort are not due to 
vertical discontinuities alone. - This is easily proved either by comparing 
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the two sets of measurements obtained from the two sides of the Lee 
method, or by extending the line of potential measurements on both sides 
of the main current electrode when using the one-electrode system. Yet, 


one is confronted by statements in the literature such as that by Swartz: 


Curves 1 and 2 were 
obtained by the Wenner 
method, but the lines 
of electrode spacing 
were at right angles. 

| | | 
Ratios of resistivity 
are: T 
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Various investigators have shown that there should be no break in the resistivity 
y to one of different resistivity. The. 


curve on passing from a bed of one resistivit; 
resistivity curve should be smooth, not jagged. Such curves would be very difficult 
to interpret. It may be worth while to emphasize again that is fortunately not the 
case. ‘The curves are actually jagged, broken and irregular, anything but smooth. 
The major breaks and peaks, at least, correspond to and locate real variations in 


resistivity, recording definite stratigraphic changes in beds. 


Such a statement the author finds very difficult to reconcile with the 
mathematical treatment, the model work just presented and a great 
number of field results. Of course, when there are many beds of quite 
different resistivities, the resistivity curve even for ideal conditions will 

15 J. H. Swartz: Oil Prospecting in Kentucky by Resistivity Methods. U.S. Bur. 
Mines Tech. Paper 521 (1932) 17. 
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contain many highs and lows, and these will give evidence efi re existe ence 


of the beds. However, the actual determination of the depths to the 
various beds is a much more difficult matter. Certainly if there are 


conditions in the field much more complicated than those assumed in 
ideal cases, and if the operator does not know these conditions, as is 
almost always the case, it seems that it is only by the merest coincidence 
that the erratic highs and lows of a resistivity curve should be due entirely 
to definite changes of resistivity in the vertical section of the underlying 


earth. Lateral changes in lithologic character are by no means uncom- 


mon, and a corresponding change in electrical character is certainly not 
improbable. As stated before, it is the author’s firm belief that until the 
operator has assured himself by such tests as have been suggested in 
this paper or other similar ones that the major changes of resistivity 
in the resistivity curve are due to vertical changes, it is very unwise to 
make a depth determination from resistivity data. 


Discussion of Results of Four-layer Problems 


In Fig. 26, the results of one of the four-layer problems attempted are 
shown. The two curves are for two sets of Wenner spacings taken at 
right angles to show just how homogeneous the layers were. The two 
curves are remarkably alike and clearly show that their shape is due to 
vertical changes in resistivity and not lateral changes. A Gish-Rooney 
interpretation on the depth to the thick better-conducting layer would be 
considerably in error while a similar interpretation for the top of the 
lowest resisting bed would be fairly accurate in this particular case. 
Such an interpretation cannot be relied upon. 

Summarizing the results of the model work, it can be said that models 
of earth can be constructed which have a great similarity to the ideal 
cases assumed in the mathematical development. The results of resis- 
tivity tests on these models amply justify the mathematical development. 


DISCUSSION 


(EZ. DeGolyer presiding) 


L. Giucurist,* Toronto, Ont. (written discussion)—Mr. Watson’s paper is a 
successful extension and application of the results developed in a previous paper, by 
Ehrenburg and Watson, on the problem of stratified horizontal homogeneous conduct- 
ing layers of different resistivities.1° It is emphasized again that there is no abrupt 
change in the average resistivities with depth. It should also be emphasized that for 
this case no abrupt change in the potential gradient will be found on the uppermost 
surface when measured either in the application of the Wenner method or the “one- 
electrode” method. Ordinarily such measured results would defy interpretation or 
correlation with the depths of the underlying layers. Mr. Watson has developed a 


* Professor.of Physics, Toronto University. 
16 J). O. Ehrenburg and R. J. Watson: Trans. A.I.M.E. (1932) 97, 423. 


rine 


Lae ee eee 


\ 


DISCUSSION 933 


~ method of interpretation that in skilful hands may be very useful in locating the 
underlying horizontal layers. This is a distinct advance. It would be well to com- 


pare the results of this method with a somewhat different method developed by G. F. 
Tagg!’ when applied to Mr. Watson’s measured results. Attention should again be 
called to the fact that abrupt or rapid changes in the potential gradient on the surface 
are found commonly in the field and it is usually in these cases that investigators 
attempt interpretations seeking to delineate the location of underlying structures of 
different resistivities. In such cases it would seem to be imperatively necessary after 
the first indications are obtained (1) to devise a layout system that provides for the 
simplest possible boundary conditions on the surface; (2) to obtain a considerable 
body of suitably measured results, in order to determine the surface boundary condi- 
tions; (3) to make use of a solution of a modified Laplace equation, which should 
include scattered current flows and polarization potentials at interfaces along the lines 
of current flow. 


J. H. Swartz,* Washington, D. C. (written discussion).—I have read Mr. Wat- 
son’s paper with much interest, an interest not lessened by the fact that, as he points 
out, we do not see quite eye to eye on the subject of the value and validity of empirical 
rules in the interpretation of resistivity observations. After expressing surprise that 
anyone should still place any faith in empirical rules, Mr. Watson implies that it is 
only by the merest coincidence that breaks in the resistivity curve should correspond 
to vertical changes in the stratigraphic sequence of underground beds. Fortunately, 
the possibility of coincidence can be determined mathematically from data concerning 
a Kentucky well given in the paper from which Mr. Watson quotes. This well, 
which, because of its complexity, affords a crucial test, was drilled 34 mile from the 
nearest neighboring weil, in an area where well logs were unobtainable and where the 
detailed stratigraphy was unknown. With nothing to go on but the resistivity data, 
the writer predicted, before the well was drilled and on empirical grounds alone, the 
presence of and depths to eight horizons later encountered in drilling the well. The 
predicted depths of these eight horizons were correct within an error less than that to 
be expected from the depth interval employed in making the resistivity measurements. 
One horizon was salt water, the other seven were gas OF oil. Since the total number of 
intervals measured was 40, it follows that the possibility that it was coincidence that 


a 


the breaks in the resistivity curve should correspond to these eight horizons is 
I [7 
40 * [39 — [82 


or but one chance in approximately 195,000,000. The idea of coincidence cannot 


‘be supported. 


In the discussion as a whole it seems to me that Mr. Watson has put the cart 
before the horse. He says that it is his purpose to prove by theoretical studies ‘how 
erroneous the various empirical rules for depth determination may be.”’ The essence 
of an empirical rule is that it is the result of observation, founded on the facts of 
observation. To attempt to refute a rule based on observation by an appeal to 
theory is to reverse the process by which all modern scientific advancement has been 
made. I hold no particular brief for empirical rules. I certainly should not care 
to claim them perfect, or infallible, nor to imply that they may not need correction or 
amplification. But there is only one way in which their validity may be tested or 
such correction or amplification made; that is, by more and more extensive and 


complete field observations. 


17 See page 135, this volume. 
* J. 8. Bureau of Mines. 
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To appeal to theory in the present case is particularly unfortunate since theory is in. 


-an unhappy position in treating this question. In the first place conditions in general " 


are too complex to permit mathematical treatment. Hence the problem must be so 
simplified geologically before it can be attacked mathematically that its solutions can 
apply to only a limited number of geologically special cases. This fact, it may be 
noted in passing, means that theoretical solutions can be of use only in very simple 
geological cases. The vast majority of geological problems are complex and hence 
at present can be solved only by the application of empirical rules, however good or 
‘bad such rules may be. In the second place the assumption of ohmic conduction, 
on which all such mathematical studies are based, cannot be regarded as proved. In 
fact there is a very considerable body of evidence indicating that we are often dealing 
with an electrochemical rather than ohmic conduction. 

To besure, Mr. Watson gives the results of a series of model experiments to support 
his conclusions. But his models are constructed so as to fulfill the particular assump- 
tions made in his calculations, even down to the rubber sheet at the base to form a 
‘bottom bed of infinite resistivity. As a geologist, I feel sure that no geologist would 
be willing to accept such an arrangement as having real geological significance, 
particularly in the absence of the soil and rock solutions found under natural condi- 
tions. The most that Mr. Watson can be said to have proved by his model studies is 
that his mathematical work is correct. 

I do not wish to imply by these statements that theoretical mathematical studies 
are without value. Quite the contrary. Such studies have two very definite and 
important functions in geophysics. In the first place, in cases involving sufficiently 
simple geological conditions they may afford a valuable aid to geophysical interpreta- 
tion, as shown by Dr. Fisher in his presentation of Dr. Roman’s paper a few moments 
ago. In the second place a still more important function of such theoretical mathe- 
matical studies, to my mind, is their use to point out where theory fails to fit the facts. 
Scientific advance has always been more a function of failure than of success. The 
failure of theory to fit all the facts has indicated new lines of attack which eventually 
have opened up entirely new fields of knowledge. I have no doubt that equally great 
advances await us in geophysics when we have sufficiently tested our theories by facts. 


L. B. Suicnrrr,* Cambridge, Mass.—As is well recognized, the computations in 
multiple-layer problems such as these are extremely tedious, unless mechanical means, 
such as the Differential Analyzer, are used; then they are relatively simple. In any 
work, one naturally welcomes opportunity for simple checks on accuracy. Such a 
check is afforded by the following fact: 

As the electrode spacing becomes greater and greater, more and more distant from 
the power electrode, the surface material becomes thinner and thinner with respect 
to the total volume included in the measurements. Therefore the curves should 
become asymptotic to the value of the bottom layer’s resistivity. Thus in both Fig. 
17 and Fig. 18, the first three curves should ultimately become horizontal at the 
value 3, and the fourth at the value 14. Clearly much greater electrode spacings 
than are given in these figures are required before this check can be attained. This 
illustrates how large the electrode spacing must be before the resistivity of the deep 
material can be ascertained. For example, in curve 3, Fig. 17, the error is still 100 
per cent at an electrode spacing of 414 times the depth to the lower region. 

The reciprocity theorem applies in the case of three-dimensional flow also. Wenner 
in 1912 mentions! Helmholtz’s treatment in 1853 of the reciprocity theorem in 
isotropic solids; also proofs of Rosen, Heaviside and Bromwich, for the nonisotropic 
case. In connection with resistivity work it is interesting to note that as early as 
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1884 F. Neumann proposed determining the resistivity of the earth by a four-electrode 
method nearly like our present technique, and carefully developed the mathematica 
theory of the method. ; bine 


R. J. Watson (written discussion).—The author could produce a great number of 
resistivity curves where the use of the empirical rule would give a wrong interpretation 
for practically every vertical discontinuity in the stratigraphic section. The fact 
seems well established by careful investigators that the empirical rule is not a safe 
one because it does not always work. The author has suggested reasons why it does 
not work for conditions which can be studied because of their relative simplicity. 
These simple conditions are not as rare in actual field practice as one might suppose. 

Tf in addition to simple ohmic conduction, we add electromotive forces due to 
electrolytic action the complexity of the problem is only increased with factors that 
are scarcely determinate. To take one of the simplest problems of this type, assume 
that electromotive forces are generated at the interfaces of layers, and that these 
forces add to the electric potential at the surface. If these added potentials are really 
great enough they may influence the normal drop of potential away from the surface 
sources and give rise to sharp breaks in the resistivity curve. Granted that this 
may be true, there is certainly no known basis for the supposition that there will 
exist a simple linear relationship between the electrode spacing and the depth to the 
interfaces for such a condition. 


-M. K. Hussert,* New York, N. Y. (written discussion).—On pages 204 and 205 
Watson shows that in homogeneous media it makes no difference for a given electrode 
setting, using the Wenner electrode configuration, whether the current electrodes 
are the outer pair and the potential electrodes the inner, or vice versa, since the 
results in the two cases are identical. Later, in discussing the experimental verifica- 
tion, he shows (Fig. 21) that in a three-layer case the results obtained experimentally 
with the current electrodes inside are the same, within the limits of experimental 
accuracy, as those obtained with the current electrodes outside. He then remarks 
(p. 228): ‘Considering the fact that changing the position of the current electrodes 
changes the current paths markedly, one must admit that these results prove that 
the layers were approximately homogeneous both laterally and vertically, and that 
the mathematical analysis is amply justified.” 

Apparently Watson failed to take into account an important theorem of electric 
currents of which the results cited are only a special case. Let any four electrodes 
A, B, C and D be attached in any arbitrary configuration to any conducting medium, 
such as the ground. Leta current J be made to flow through the medium between 
any pair of these electrodes, say AandC. Let Ebe the difference of potential between 
the other pair, B and3D. Next, exchange the connections so that the same current 
T flows between B and D. Then £, the potential difference between A and C, will be 
the same as that formerly observed between B and D. 

This theorem, to which Dr. Theodor Zuschlag directed the writer’s attention, is 
a very old electrical theorem, known as the Reciprocity Theorem. It is true for 
circuit networks and for continuous media. It is independent of the relative configura- 
tion of the electrodes, and of the inhomogeneity of the medium. 

In the light of this, Watson’s conclusion that the agreement between his two 
nd lateral homogeneity does not appear to be valid. The 


results proves vertical a 
same results would have been obtained under any circumstance. 


R. J. Watson (written discussion).—The result on page 205 would be anticipated 
if the Reciprocity Theorem were considered. Concerning Mr. Hubbert’s criticism of 
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Electrical Coring; a Method of Determining Bottom-hole 
yi Data by Electrical Measurements 


By C. anp M. Scutumsrrasr* anp E. G. Leonarvon,* Paris, FRANCE 


(New York Meeting, February, 1932) 


Since the beginning of the year 1928 the senior authors and their 
associates have applied a series of procedures which makes possible the 
detailed study in situ of the formations traversed by a drill hole before 
the casing has been landed. They have given the name ‘‘electrical 
coring” to the ensemble of these processes, which now replace in a large 
measure the mechanical coring performed by the drillers, and permit the 
gathering of bottom-hole data hitherto unobtainable. 

Three years have elapsed since the technique and interpretation of 
these measurements emerged from the experimental stage and entered 
the field of industrial application on a large scale. The total length of 
drill holes so far surveyed by the authors and their associates, all over the 
world, amounts to several millions of feet. Practical and strongly 
built equipment has been evolved, which permits the examination in a 
short time of an open hole several thousand feet long. 

No comprehensive paper has yet been published discussing the 
essential principles of the processes applied and bringing into evidence 
their economic interest. This is the object of the present paper.’ 
Numerous examples of field work performed under varied geological 
conditions are given, constituting a concrete illustration of the services 
rendered by the new methods. 

The study in situ of the formations penetrated by a drill hole is based 
on the measurement of a given physical factor or parameter associated 
with these formations. Generally the measurements are made syste- 
matically along the whole length of the open hole. The physical factors 
or parameters which are now utilized by us to this end are: (1) the 
resistivities of the rocks; (2) their porosity; (3) their electrical anisotropy; 
(4) their temperature; (5) the resistivity of the muds. In order to 


* Société de Prospection Electrique, Procédés Schlumberger, Paris, and Schlum- 
berger Electrical Prospecting Methods, New York. 

1 The only previous publication on the subject discusses solely the measurement 
of the resistivity in drill holes, 7. e¢., CG. and M. Schlumberger: Communication sur le 
carottage électrique. Deuxiéme Congrés International de Forages, Paris, Septem- 
bre, 1929. A résumé of that paper was given in the November, 1929, issue of Mining 


and Metallurgy. 
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ertablish correct geological cross-sections, and to determine ‘aheoit 
the depths to the formations, we have been led to evolve a pra tica : 
teleclinometer, the principles of which will also be described. ‘The i 
paper will therefore discuss: : 
A. Resistivity of the rocks; its measurement in open holes. yee ee 
tions. 
B. Porosity of the rocks; its measurement. Atip lids onl Study 
of the rock pressure. 
C. Electrical anistropy of the rocks. Determination of the direction 
of the dip. 2 
D. Temperature measurements. 
‘E. Resistivity of the muds. Location of water flows. 
“F. The electromagnetic teleclinometer. Survey of crooked holes. 
G. Conclusions. 


A.—EuxctricaL Resistivity or THE Rocks; Its MEASUREMENT IN 
- Open Hoies AND APPLICATIONS 


Resistivity of the Rocks — 


Among the parameters which can be utilized for differentiating 
geological formations, the electrical resistivity of rocks is one of the most 
efficient, since it varies within considerable limits from one formation to 
another. Furthermore, it can be measured easily at depth. 

We will recall here that rocks are capable of transmitting the electric 
current only by means of the absorbed water which they contain. Were 
they entirely dry, they would be completely nonconductive. ‘This 
absorbed water always contains dissolved salts, and thus constitutes the 
electrolyte necessary for the conduction of the current. The more 
electrolyte contained in a rock, and the richer this electrolyte is in dis- 
solved salts, the greater is the conductivity of the rock. In practice, 
we do not measure the conductivity of the rocks, but its reciprocal, 
their electrical resistivity. This is the electrical resistance of a cylinder 
of rock having for height the unit of length and for section the unit of 
surface. We express the resistivity of rocks in ohms per meter square- 
meter, or ohm-meters, which is a suitable unit for practical purposes, 
giving figures comprised between one and several thousands of units. 

If a rock is very compact, it is evident that the quantity of moisture 
it contains is exceedingly small, and that, consequently, its resistivity 
is high. This is true for dense and massive, hard rocks like granite, 
quartzite, gneiss and marble. Among the softer rocks, gypsum, rock salt 
and coal are also very resistant on account of their minute water content. 

As to the unconsolidated rocks, they are generally rich in water, and 
normally possess good electrical conductivity. It is necessary, however, 
to establish a definite distinction between the pervious and the impervious 
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~ rocks. In a more or less impervious rock, like the clays, marls, and the 


more or less argillaceous shales, etc., the absorbed water is, so to speak, 
stationary in the rock. It will therefore contain in solution the maximum 
of soluble elements present in the rock, and its chemical composition 
will be uniform. Under such circumstances, the resistivity will generally 
be a reliable characteristic of the rock itself. Things are different, 
however, with porous formations. In sands, for instance, water may 
circulate quickly, and therefore may not everywhere maintain the same 
composition. The electrical resistivity will be high if the water is pure, 
and will be low if the water is appreciably mineralized. The electrical 
parameter, then, will characterize the liquid enclosed in the rock rather 
than the rock itself. 

It is important to mention here the case in which the fluid contained 
in the rock is not a conductive electrolyte but an insulating liquid. This 
occurs when porous formations are saturated with oil or natural gas. 
These formations are very resistant, and this fact is of great moment 
in their detection, as will be seen later. 

We will also mention briefly the influence of temperature. An 
increase of temperature decreases the resistivity of the rocks for two 
reasons: (1) the resistivity of an electrolyte of a given concentration 
decreases with the temperature; (2) the percentage of dissolved salts 
increases with the temperature. Roughly speaking, the specific resistance 
decreases by one-half for an increase of 50° C. This fact has an appre- 
ciable influence on the resistivity measurements taken in drill holes, 
since temperature differences of 50° C. between the surface and the 
bottom of a hole, may be encountered. For this reason, the electrical 
resistivity will have a tendency to become smaller with increasing depths. 

If temperature thus plays an appreciable role in the variations of 
the resistivity, pressure, on the other hand, does not seem to have any 
marked influence, in spite of the fact that it reaches high figures at the 


bottoms of the holes. 
Technique of Resistivity Measurements in a Drill Hole 


The measuring device usually employed is shown in Fig. 1. It 
comprises three insulated cables 1, 2 and 3, which are lowered into the 
drill hole. Three electrodes A, Mand N are attached to the lower 
ends of these cables and dip into the water or mud filling the hole. 
The distances AM =r and AN = r’ are supposed to be large in com- 
parison with the diameter of the hole; they are, for instance, 10 to 20 
times greater. The electrode A is used to send the current into the 
ground and electrodes M and N to measure the difference of potential 
caused between these two points by the passage of the current through 


the ground. 


is connected by means of an insulated cable 1 to one of the pole ofa 
battery EZ located at the surface, of which the other pole is grounded 


to any given earth contact B in the vicinity of the drill hole. The casing 
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Fig. 1.—ScHEME OF ELECTRICAL CORING DEVICE AND OUTLINE OF OPERATION. 


frequently constitutes this second ground B. In order to measure 
the differences of potential between M and N, these electrodes are 
connected by means of two insulated cables 2 and 3 to the terminals 
of a potentiometer P, located at the surface. Knowing the distances 
rand 1’, the intensity 7 of the current passed through the ground, and 
the difference of potential AV between M and N (which is measured by 
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the potentiometer), the average resistivity of the ground R, in the region 
of the measuring arrangement AMN, can be calculated. 
The computation of this resistivity results from the following con- 


‘siderations. The current 7, which flows from A into the ground, gives 


rise, by ohmic effect, to a series of equipotential surfaces surrounding A. 
These surfaces in the region of the electrodes M and N, by reason of 
symmetry, are spheres approximately centered on A, being given the 
dimensions chosen for r and r’. They intersect the column of water 
in the drill hole without undergoing any appreciable disturbance. The 
measurement of potential between the electrodes M and N, therefore, 
is equivalent to a measurement made inside the ground at the same 
distances r and r’ from the electrode A. The application of Ohm’s 
law between the spheres S and S’, of radii r and 7’, leads to the follow- 
ing formula: 

1 ris 


R= 492 
(Ba tee Sag 


[1] 


which gives the required resistivity. 

Contrary to what might be expected, the presence of water or mud 
in the hole constitutes an advantage and not a drawback. In an empty 
hole it would be necessary to establish reliable and stable contacts with 
the wall of the hole, a problem which meets with considerable practical 
difficulty. On the other hand, the disturbance caused by the presence 
of water is entirely negligible, provided a measuring arrangement of a 
sufficient length is adopted.’ 

In practice, the equipment is set up as shown in the sketch given 
at the right in Fig. 1. The three insulated wires are woven together 
into a single cable that has great tensile strength. This is wound up 
on a winch w, and at the casinghead passes over a standardized pulley 


‘provided with a measuring device, which indicates at any given time 


the length of cable lowered into the hole. From the winch, cable 1 is 
connected to a battery H, then to the earth B. Cables 2 and 3 are con- 
nected to the terminals of a potentiometer P. Since it is necessary to 


2 At a sufficient distance from electrode A, the volume of the hole is unimportant 
compared to that of the surrounding formations; the mud, therefore, has a negligible 
influence upon the value of the resistivity measured. To illustrate this point, we 
will consider the case in which resistivity of the mud is 2 ohms; resistivity of the 
surrounding rocks is infinite; diameter of the hole is 30 cm.; (section: 0.071 sq. m.); 
AM =5m.; AN =6m.; intensity of the current: 1 amp. All of the current will 
be transmitted by the mud; one-half will flow towards the top, the other half towards 
the bottom of the hole. The drop of potential between M and N will be (application 


of Ohm’s law): 
1 
AV =0.5 amp. X 2 ohms X 0071 ~ 14 volts. 


Therefore the resistivity computed by means of formula 1 will be 5300 ohms; in other 
words, a figure 2650 times greater than the resistivity of the mud. 


carry out the measurements rapidly in order not to keep the drill hole 
idle for a long time, a registering apparatus has been combined with the 
potentiometer, thanks to which the electrical observer needs only to 
maintain a needle between two graduations. The resistivities are 
registered automatically on coordinate paper, which unwinds at a speed 
proportional to that of the cable. Thus a continuous diagram of the 
resistivities of the formations is obtained, showing the resistivities as 
abscissas and the depths as ordinates. The time required to install the 
equipment at the drill hole does not exceed 14 hr., except when the access 
to the hole or the setting up of the equipment presents some particular 
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Fig. 2.— DEPTH RECORDER AND REGISTERING APPARATUS. 


difficulty. As to the run itself, about 1000 ft. can be examined in 1 hr. 
As a matter of fact, it is unusual for a regular run to keep the drill hole 
idle for more than 4 or 5 hr. altogether. 

Fig. 2 gives a view of the apparatus set up at the hole and ready for 
operation. There are three types of winches. One is mounted on a 
truck and driven by the motor of the truck (Fig. 3); another is provided 
with independent electrical motors (Fig. 4). The third type is equipped 
with a gasoline engine, and is particularly useful in wildcatting. 

To carry out the measurements, it is necessary to lower the measuring 
arrangement in the heavy mud-laden fluid which usually fills the drill 
hole. This hole is more or less vertical, its walls are far from being 
regular, and sometimes the depth is very great. In practice, this is 
one of the main difficulties with which the electrical engineer is confronted 
upon his arrival in a field. Plummets weighing 100 to 300 Ib. are hung 
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on the end of the electrical cable to weight it. These plummets some- 
times do not go down satisfactorily; they may be stopped in a crooked 
hole, or by a cave-in or a lump of clay left in the hole by the drillers while 
pulling out the drilling pipes. These difficulties, however, are quickly 


Fic. 3.—SPECIAL TRUCK COMPLETELY EQUIPPED FOR ELECTRICAL SURVEYS IN DRILL 
HOLE. 


Fia. 4.— WINCH EQUIPPED WITH ELECTRIC MOTORS. 


overcome, thanks to the cooperation of the drillers, who condition the 
hole by rotating the drill pipes for a short time, with a low pressure on 
the bit at the bottom of the hole. This conditioning, which is generally 
accompanied by a circulation and thinning of the mud, does not require 
more than a few hours, and has never once caused any trouble in several 
thousand holes which have thus far been surveyed. It is indispensable 
in those holes which are deep or crooked. 


The preceding explanations show that only the pebeteedt suite f 
drill hole can be surveyed by the new process, as the casing constit 


a screen which completely masks the physical properties of the surround- 


ing formations. Inside the casing, the resistivities are equal to zero. 
This fact may be utilized to check exactly the depth of the lower part of 
the casing, or to locate a lost pipe in the hole. 


Use of the Resistivity Diagram 


Geological Correlations.—We have seen that the resistivity parameter 
makes it possible to differentiate between various formations, since it 
generally varies widely from one layer to another, and is relatively con- 
stant for a given layer. On the other hand, the mere numerical value of 
the resistivity is not necessarily a distinguishing characteristic of a given 
formation, except under particular circumstances, since two formations 


of a very different age, or even of different lithological facies, may show 


the same resistivities. 

A single resistivity figure thus does not yield accurate Pinfeemiation: 
On the other hand, if we consider a large and regular sedimentary com- 
plex, and study its resistivity diagram, the characterization becomes 
perfect. It may be possible, of course, to discover several places in a 
geological column where two beds, respectively 1 and 2 m. thick, show 
resistivities of 20 and 10 ohms. There is, however, only a single region 
in the geological column where, for instance, 10 successive layers will 
show, at the same time, the same relative thickness, the same resistivities, 
and the same arrangement. 

Thus, the comparison of two resistivity profiles obtained on the same 
series of sedimentary formations will give, in a reliable manner, the 
relative depths to the various strata. Therefore, to obtain numerous 
and reliable correlations between several holes in a given area, it is no 
longer necessary to core all of them mechanically. It will suffice to 
perform the operation for the first hole drilled, and, subsequently, to 
take advantage of the electrical resistivity diagrams to deduce the 
geological columns in the new holes and to establish stratigraphical 
correlations in the whole district. Such cross-sections can be determined 
all along the open hole and are as reliable as the geological column 
obtained by mechanical coring. They give decidedly more detailed 
information than discontinuous coring. The new procedure far exceeds 
continuous coring in drilling speed, and is much cheaper than the most 
discontinuous drilling process. 

An important point is whether or not it will be possible to discover 
numerous and reliable electrical horizon markers. In this connection, 
it must be pointed out that any given geological horizon characterized 
by a precise lithological change, for instance the passage from a sandstone 
or a limestone to a marl, will constitute also a good electrical marker. 
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, " 
‘The number of electrical horizon markers, therefore, will be nearly 
proportional to the number of definite lithological alternations. Fig. 5, = 


which represents a series of diagrams measured in the Pechelbronn oil 
field, Alsace,’ in the region of Kutzenhausen, demonstrates this point 
well. On the left of the figure, the cross-section of hole $.2955 is repre- 
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Fia. 5.—DETERMINATION OF A CONTACT BETWEEN TWO FORMATIONS, PECHELBRONN 
192 


sented. It is easy to ascertain that the variations of the resistivities 
follow closely the succession of the formations encountered. Even thin 
layers like a bed of black flint pebbles, or of limonitic marl, or a small 


Fig. 6.—ELECTRICAL CORRELATIONS BETWEEN TWO WELLS, SUMATRA, 1930. 


streak of fibrous gypsum, show up clearly in the diagram. At the 
675-ft. level, an important drop is apparent on the graph (drop from 
8 to 3 ohm-meters in a few ft.) which indicates the transition from lagoon 
sediments to a deep sea formation. This horizon marker is easily found 
throughout the Pechelbronn district, over an area of 40 square miles. 
It is clearly visible on holes 8.3054, 8.3026 and 8.3050, although the 
latter are separated from hole 8.2955 by an important fault. 

Generally, electrical markers are not lacking, and the resistivity 
graphs have a saw-tooth silhouette showing numerous characteristic 


he a a cs cere 

3 For a brief description of the Pechelbronn oil field, see G. 8. Rice and J. A. Davis: 
Mining Petroleum in France and Germany. Petroleum Development and Technology 
for 1925, A.I.M.E., 278-314. 
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beds. This point is illustrated in Fig. 6, where two electrical graphs 
taken in a Sumatra oil field are shown, and also in Fig. 7. 

Fig. 7 refers, from left to right, to Waters No. 3 and Mackey No. 1 
wells located three-quarters of a mile apart in the Oklahoma City pool, 
and shows nicely the results that may be expected in the case of a regular — 
sedimentation. Due to the wide range of variation in the resistivities 
(variations from 1 to 100) they are shown on a logarithmic scale. The 
rocks studied are of Pennsylvanian age. The beds with a saw-tooth 
profile are limestones or sandy shales. The two zones with a fairly 
regular resistivity I and III correspond to two characteristic layers of 
homogeneous shales; the resistive region II corresponds to the Tonkawa 
limestones, and the depressions A, B and C indicate three water sands. 


Fields : Gura Ocnitei Aricesti Boldesti — Podeni-Noi Ceptura 
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Fic. 8.— ELECTRICAL HORIZON MARKER EXTENDING OVER 45 mites, Rumanta, 1931. 


Sand C, of which the resistivity is very low, is a very salty one. From 
now on, this determination of a water sand must be borne in mind. This 
is a particular feature of the electrical measurements with which we will 
deal in greater detail further on. 

The reliability of the electrical markers depends on the regularity of 
the formations. In numerous cases, the sediments maintain their 
lithological facies over large areas. The consequence of this is that 
the diagrams possess remarkably similar silhouettes. Fig. 8 shows the 
characteristic resistivity profiles measured in five Rumanian fields. The 
Dacian is composed of alternating sands and marls, and gives wavy 
profiles which are in complete contrast with the very flat profiles given 
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by the Pontian, made up of argillaceous marls. The fact is worth 
noting that the most widely separated fields are 45 miles apart. : 


Naturally, on occasion certain geological horizons which are charac- 


terized by their appearance, or by the fossils which they contain, can 


not be differentiated electrically, since electrical differentiation is con- 
cerned with an entirely different parameter of the rocks. On the other 
hand, it will often happen that very satisfactory electrical markers will 
be discovered in a geological complex completely lacking in leading 
horizons. The stratigraphy will be lithologically obscure but electrically 
distinct. This case is very general in recent unconsolidated formations, 
and is well illustrated by Fig. 9, which will be commented upon further on. 

Some Examples of the Economic Services of Electrical Surveys.— 
Fig. 9 represents the structural study of part of the Grozny oil field, 
U.S.S.R., by electrical correlations. The diagrams begin in the clays 


_of the Lower Sarmatian, which, as is usual for clays, are very homogeneous 


in composition. The underlying horizon, that of the Syndesmia Reflexa 
marls, constitutes a leading horizon of very characteristic form and of 
remarkable uniformity. Below comes a series of alternating sands and 
clays, where the sandy layers are generally water-bearing, and show up by 
maximums of resistivities. An oil zone containing oil in nonexploitable 
quantities appears at CD. This is a thick formation, which, on account 
of the oil it contains, possesses a resistivity distinctly greater than that 
of the surrounding terrains. Below this oil zone, markers J and J 
should receive particular mention, since, although very unimpressive 
electrically, they are exceedingly reliable. They are apparent on drill 
holes located more than six miles apart, and are of great practical 
interest for determining the depth of the water shut-off. Previous to 
the regular use of the electrical surveys in this field, the only geological 
marker employed in practice to guide the drilling work was the zone of 
the Syndesmia Reflexa marls. 

Fig. 10 shows a series of electrical measurements carried out in a field 
of the Maracaibo district, Venezuela. Outside of very satisfactory 
stratigraphic correlations, we will mention the first oil horizon (tar 
sands), which marks the top of the oil series, and the two underlying 
oil zones, which are good productive sands. Before the use of the 
electrical graph in this field, there existed a great uncertainty as to 
the level at which the water shut-offs had to be made. For instance, 
the two first diagrams on the left show water shut-offs which were 
thus placed incorrectly at too great a depth. Later on, the water 
shut-offs were located with accuracy in a clayey formation, thanks to 
the electrical measurements. 

Without further emphasis on this point, the reader will readily realize 
the detail and precision with which the underground structures can be 
studied at different levels with such data in hand. Should a fault occur 
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: . between two holes, it would immediately be located with great accuracy, 
and its exact throw ascertained. Fig. 11 represents’a fault which was 
thus discovered in a field of the Maracaibo district, Venezuela. 
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Fig. 11.—DrETEcTION OF A FAULT AND DETERMINATION OF ITS THROW, VENEZUELA, 
1930. 


- Location of Oil Sands and Coal Beds.—At the beginning of the section 
on geological correlations, we pointed out that the numerical value of 
the resistivity does not ordinarily permit the sure determination of the 


in Sachin are of eed ‘hipantisiods tte wisaieient benrnaaie permit . 


the discovery of the only economically important layers penetrated. by 
drill holes. Not only does the expense incurred with the electrical — 
process not compare at all with the cost of continuous mechanical coring, 
but its accuracy and reliability probably are greater. 

In describing the use of the process in establishing stratigraphic 
correlations, we mentioned incidentally the fact that the oil-saturated 


rocks were insulating. This point needs to be discussed in greater 


detail, on account of the considerable interest which it presents in con- 
nection with a more rational exploitation of oil fields. 
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Fie, 12.—HIGH RESISTIVITY OF TWO PRODUCING SANDS, WEWOKA FIELD, SEMINOLE 
AREA, OKLAHOMA, 1929. 


It is a well-known fact that mechanical drilling is confronted with 
real difficulties in determining with accuracy the position, the thickness 
and the productivity of a petroliferous horizon. It frequently happens 
that the recovery of cores is very limited. Sometimes, for this reason, a 
horizon is not even detected. As to the possibility of being able to 
determine with the naked eye the productivity of an oil sand, everyone 
knows that such an examination is very often fallacious, since a sand with 
a good appearance may well correspond to a lean bed with a small 
rock pressure. 

The resistivity graph will perform a first service in locating with 
accuracy the resistant layers encountered by a drill hole. If there is 
any reason to suppose that one of them is an oil bed, it will at least be 
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possible to make a production test under good conditions. It may be — 


objected than an oil-bearing horizon might be mistaken for a compact 
resistant bed (limestone, dolomite or gypsum in particular). Such an 


error, however, is not likely to occur, as will be seen later on, provided | 


that the resistivity and the porosity diagrams are registered simul- 
taneously. Fig. 12 gives a good example of two heavy, oil-saturated 
sands (Cromwell sands) in the Wewoka pool, Seminole area, Oklahoma, 
(Peney Reed No. 1 well). Their resistivities show figures of about 
100 ohm-meters, while the more resistant of the sterile beds does not reach 
25 ohm-meters, and the average resistivities of the formations are close 
to 5 or 6 ohm-meters. é 

In numerous cases, there will exist a definite relation between the 
productivity of a sand and the order of magnitude of its electrical 
resistivity. Fig. 13 represents a series of electrical diagrams taken 
in a field in Maracaibo district, Venezuela. Sand A is a high pro- 
ducer in 13a, and is entirely saturated with water in 13e. From a to 
e the production decreases in a manner comparable to the decrease of 
the electrical resistivities. 

An equally striking example is furnished by Fig. 14, which results 
from the surveys carried out in the Grozny field. Level H is an oil sand 
which gave rise to an eruption in well 1. It turns to a water sand with 
oil showings in well 2. In well 3 it is dry. The thin sand horizon J 
is sterile in wells 1 and 2, and petroliferous in 3. As to zone J, it gave 
in wells 1 and 3 eruptions which were respectively 400 and 14 tons 
daily. We may mention incidentally that 6 tons of water were obtained 
daily with the oil in well 3. This fact is to be noted in conjunction with 
the electrical diagram, which shows several minima of very low resis- 
tivity, which would seem to indicate a nonhomogeneous formation, 
the productive thickness of which must be somewhat limited. Level 
K is a further petroliferous sand, which is sterile in 1 and saturated in 3. 

That such information may be used in practice to orient advan- 
tageously the drilling operations is evident. We will merely cite in 
this connection the profile shown on Fig. 15, which was taken in the 
Tintea field, Rumania, in well 52 of the Unirea Co. In this part of the 
pool, the lower sand from 4380 to 5300 ft. is exploited, and the lean sand 
from 4020 to 42380 ft. is neglected. From the appearance of the profile, 
the electrical observer strongly insisted upon a production test being 
made at first on the upper sand. This, however, was not the opinion 
of the petroleum engineers, and exploitation of the lower sands was 
decided upon, it being agreed that should this horizon prove to be a poor 
producer, the upper sands would be tested. For more than one month, 
the lower sands were maintained in production, and their average daily 
yield was only about 30 tons (210 bbl.) with a low pressure. It was 


4 The total amount of oil recovered from these sands was only 900 tons. 
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Fig. 14,—RELATION BETWEEN RESISTIVITY OF AN OIL SAND AND ITS PRODUCTIVITY 
Goszny, 1931. 
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then decided to cement the lower layer and to test the upper one. L 


(420 bbl.), with a pressure of 40 kg. According to all probabilities, 


this drill hole, which otherwise would have resulted in a small profit, ; 


will constitute instead a very profitable operation. 
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Fia, 15.—Discovery oF A PAY SAND BY ELECTRICAL MEASUREMENTS, TINTEA FIELD, 
Unrrea 52, Rumanta, 1931. 


The precision of the electrical diagnosis concerning the productivity 
of oil horizons is very satisfactory in most fields. It may be poor, how- 
ever, under certain circumstances. So far, we have encountered only 
one case of a field where oil is not electrically detectable. In Sumatra, 
light. oil zones do not cause any important increase in the resistivity 
figures. This may beexplained by the fact that the sands are very porous 
and possess a low rock pressure. They are invaded locally by the mud 
of the hole, which repulses the oil. Therefore, in the immediate vicinity 
of the hole there is practically no oil left. The use of special gelatinous 
muds (silicated fluids, for instance) will probably overcome this difficulty. 

The preceding examples show that in many instances the resistivity 
figures permit a fairly correct estimate of the probable productivity of an 
oil sand. This information is of considerable value for the production 


ing the first 25 days the latter gave a production of about 2000 tons, and ; 
its daily production after a period of three months was still 60 tons — 
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department. It has been, thus far, impossible to deduce it from the 


drilling data. Examples may be cited of oil zones which a priori were 


discarded by the geologists for a production test, merely on account of 
the poor appearance of the water-soaked core samples recovered from 
the hole, but which, as a result of the electrical measurements, were put 
into production and have yielded millions of barrels of oil. 

It must be emphasized that the resistivity figures obtained on an 
oil horizon which is tested electrically for the first time will not per- 
mit, as a rule, the estimate of its future production. On the other 
hand, the comparison of the resistivity figures which refer to the same 
oil zone in a series of wells generally furnishes very satisfactory and 
accurate information. 

A similar problem, which is economically less important than the 
discovery of oil zones but not negligible, is encountered in drilling for 
coal. In this case, also, it is difficult to obtain a satisfactory recovery, 
since the interesting beds are very brittle. Even with the use of con- 
tinuous coring, it frequently happens that coal beds will be detected 
quite inaccurately, or will not be detected at all, It is necessary to 
follow the progress of the drilling with constant attention, and to use a 
very low drilling speed. The cost of the hole per foot is accordingly 
very high. : 

Electrically, on the contrary, the problem is easy. Coal is, by far, 
the most resistant rock found in a carboniferous formation. Further- 
more, the other resistant rocks are very hard to drill, so that the mere 
inspection of the drilling speed records will suffice to dissipate any uncer- 
tainty concerning the interpretation of the electrical profile. A high 
peak of resistivity in a soft formation corresponds undoubtedly to a 


coal bed. 


B.—Porosity or THE Rocks; Its MEASUREMENT AND APPLICATIONS 


The detection of porous strata such as sands, sandstones or fis- 
sured limestones is of paramount importance in the exploration of 
oil fields, since gas, oil and water are invariably stored in such porous 
horizons. This factor, likewise, may present a real economic interest 
in any kind of drilling exploration, in order to locate the water-bearing 
horizons correctly. 

Up to the present time, the porosity of rocks has been studied by 
examining the cores recovered from drill holes. The process is expensive, 
and is all the more inefficient because porous formations are generally 
more or less unconsolidated. The new method, which will be described 
below, permits the determination of the porosity of the strata encountered 
without the necessity of bringing to the surface any samples or cores of 
the rocks under consideration. 
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When an electrolyte is caused to flow through a sheet made of a 


pervious, solid dielectric, an electromotive force occurs between the two 
sides of the sheet. This electromotive force is proportional to the 
pressure, to the electrical resistivity of the liquid, and inversely propor- 
tional to its viscosity. It is independent of the thickness of the filtering 


sheet, and of the radii and number of pores of the pervious medium. It 


may be expressed by the following formula: 


R 
E=mxX ye [2] 
in which 
E is the electromotive force of filtration, 
P the pressure of the liquid, 
R the electrical resistivity of the liquid, 
V the viscosity of the liquid, 
m a constant factor which depends on the porous medium. 
It is interesting to compare this law with those discovered by Poiseuille 
for gases and by Slichter for liquids, which provide that the quantity 
of fluid flowing through a capillary tube is proportional to the difference 
of pressure and inversely proportional to the viscosity.’ With the 
notations employed above, we have, 
P 
— F 
Q=m'> [3] 
Q being the quantity of liquid which flows through the capillary tube 
and m’/ a constant factor. 
Through the combination of formulas 2 and 3, we obtain the 
expression 


which shows that the electromotive force of filtration is, for a given 
electrolyte, proportional to the amount of liquid that filters through, 
and to its electrical resistivity. This force, as can be seen, is thus in close 
connection with the porosity of the filtering medium. 

In most cases, the sign of this electromotive force is such that the 
electric current which it causes to flow possesses the same direction as 
the liquid in movement. In the case of a pervious sheet, then, it is the 
wall of ingress of the liquid which is negative with respect to the wall 
of egress. 


5 Poiseuille: C.R.A.S. (1842) 18, 1167. 
C. S. Slichter: Theoretical Investigation of the Motion of Ground Waters. U.S§. 
Geol. Survey 19th Annual Report (1897-98) pt. 2, 301. 
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In most drill holes, the well is filled with water in sufficient quantities 


to exert a pressure on the walls distinctly superior to the hydrostatic 


head which exists in the rocks. This is particularly true in the numerous 
eases where the muds filling the holes are purposely made heavier to 
avoid as much as possible the caving in of the hole and blow-outs of gas 
or oil. Under these circumstances, the water of the muds penetrates 
into the pervious layers traversed by the hole, repelling the liquid which 
they contain (water and oil) as shown on Fig. 16. It is this filtration 
which generates the phenomenon of electrofiltration. Since the potential 
is increasing in the direction of flow 
of the liquid, a minimum of the 
potential must be observed in prac- 
tice at the face of any pervious layer 
encountered, as indicated at the 
right in Fig. 16. It is not a ques- 7 
tion of aminor electric phenomenon, % 
and potential differences of 100 or 
200 mv. usually are observed overa % 
length of a few meters. “Fil 
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The Measuring Apparatus 


How can one measure the differ- 

: ie Suge Fig. 16.—ELECTROMOTIVE FORCE OF FIL- 
ences of potential thus existing in-rarion GENERATED IN DRILL HOLE BY 
side the drill holes? The problem POROUS PAYER. 
can be very simply solved with the apparatus previously described in con- 
nection with the resistivity measurements. An impolarizable electrode A 
is fixed to one of the insulated conductors of the tricable, and is lowered 
into the hole to various depths by means of a winch (Fig. 16). The upper 
end of the conductor is connected to one of the terminals of a potentiometer 
P, of which the other terminal is connected by an insulated wire to a 
second impolarizable electrode B, grounded to a fixed point at the surface. 
The potential of the latter electrode is arbitrarily assumed to be equal to 
zero. For each position of the movable electrode within the drill hole, the 
potentiometer will therefore give the value of the potential at this partic- 


-ular point. In practice, the recording apparatus used for registering the 


resistivity diagrams is employed, and a continuous graph of the potentials 
inside the drill hole is obtained. The smallest variations of this quantity 
can be observed. It goes without saying that the measurements can be 
performed only in the uncased part of the hole. 

It has been stated previously that the electrodes must be of the 
‘“‘impolarizable” type. This is necessary so as to eliminate the errors 
caused by the chemical electromotive forces arising from the contacts 
between the metal and the water of the boring, or the wet soil at the 
surface. These electrodes are generally formed of a metallic electrode 
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surrounded by a porous cup filled with a concentrated sol 1 ‘ion of. 

salt of the same metal. rr 
Use of the Porosity Diagram © 

The porosity diagram permits one to study, conveniently and 


cheaply, the permeability of the rocks in the drill hole itself, and the 


direction of the flow of the fluids between the said rocks and the bore- 
hole. It is easy to understand the great importance of this information, 


which leads to the diagnosis of the petroliferous zones and water-bear-_ 


ing levels. 
The most comprehensive results will be obtained by registering and 


studying simultaneously the resistivity and porosity profiles. Thanks — 


to them, it becomes easy to decide whether a resistive bed-is a compact 
rock such as gypsum, dolomite or limestone, or a porous sand saturated 
with oil. Fig. 17a represents a differentiation of this kind obtained 
in the Pechelbronn oil field, Alsace. The resistivity profile indicates, 
from a depth of 730 to 845 ft., a series of resistant beds. The porosity 
profile shows immediately that these beds do not possess any porosity. 
The beds, then, are made up of compact material. As a matter of fact, 
they are gypsiferous. 

On the other hand, an oil stratum that is both resistant and porous 
will be clearly brought into evidence by the comparison of the two graphs. 
Such an example is presented in Fig. 17b, which shows the results obtained 
in a well of the Grozny oil field. 

The same method will make it possible, in numerous cases, to decide 
whether or not a layer with a low resistivity is a clay or a more or less 
salty, porous sand. Fig. 17c shows a resistivity profile entirely flat, which 
merely indicates that the layer is not oil-bearing. _An important electro- 


‘filtration phenomenon shows, however, that the rocks are very porous 


between 1872 and 1922 ft. The bed is a salt-water sand possessing 
approximately the same resistivity as the surrounding clays. The 
example comes from an oil field of the Maracaibo district, Venezuela. 
Finally, Fig. 17d shows the detailed study of a pervious bed char- 
acterized by two peaks of the porosity profile. The comparison with the 


resistivity profile leads to the conclusion that the upper part of the bed. 


is resistant and petroliferous while the lower part is conductive and 
salt water-bearing. 

Naturally, it will be possible with the use of the porosity graph to 
detect the water-bearing diaclases and faults. 

It must also be pointed out, in order to complete the subject, that 
aside from the large anomalies caused by the very porous layers, numer- 
ous minor potential disturbances are registered on the porosity profile. 
They can be ascribed either to a slight porosity of the neighboring strata, 
involving appreciable phenomena of electrofiltration owing to the high 


' PECHELBRONN - FRANCE 


DEPTHS IN FEET 


DEPTHS IN FEET 


RESISTIVITY LOG. 
i) 5 to 5 


Gpmonrcozes 


VENEZUELA 


RESISTIVITY LOG. 
go wb mw 


a. Impervious 
b. Pervious an 


SCHLUMBERGER AND E. G. LEONARD 


GROZNY - U.S.S.R. 


POROSITY LOG RESISTMTY LOG. 
0 2 3 4 ms 100 ws mo + 9 -0 


2 +0 0 -0 


GROZNY - U.5.5.A. 


POROSITY LOG. RESISTIVITY LOG. POROSITY LOG. 
0 5 © 5B No 30 - #0 -Bo 200 


-5 -10 -B -20 -25 


Fig. 17.—RESISTIVITY AND POROSITY DIAGRAMS. 
and resistant formation, gypsum. Pechelbronn. 


d resistant formation, oil sand. Grozny. 


c. Pervious and conductive formation, water sand. Venezuela. 


d. Pervious formation resistant at top—oil. 


Grozny. 


POROSITY LOG. 


-20_-30_-40 


MILLIVOLTS 


Conductive at bottom—salt water. 


262 ELECTRICAL CORING — 


pressure existing in the borings, or to other causes, such as oes al 
reactions between rocks of different compositions. These electrochemical ; 
reactions generally give rise in oil wells to electrical perturbations which 
are much smaller than those caused by the filtration phenomena. It is 
easy to distinguish experimentally between the two kinds of phenomena, 
since those caused by the porosity are the only ones to vary according 
to the pressure of the muds in the hole. 

It must be borne in mind that these phenomena are normally found 
again on the corresponding layers in the neighboring drill holes, so that 
they complete advantageously the correlations by resistivities. 


Measurement of the Rock Pressures 


If we again consider formula 2, let us call H the pressure of the water 
head and 7 the pressure of the fluids in the porouslayer. Then 


H=mxXyX(H—p) = KH — 2) rey 


K being a constant factor for the layer under consideration. Let us now . 
modify the water head, by lowering, for instance, the level of the water Md 
in the drill hole. If H’ is the new value of the water head in the hole, at | 
the depth of the porous layer, and if we call H’ the new value of the 
electrofiltration potential which is observed, we will have 


E’ = K(H' — p) («il 
Dividing [5] by [4] we obtain 
EH’ H' we, vi) S 
i Wo [6] 
If we write 
H' Wie 


A = 8 and z= t 


we can deduce the value of p from [6]. This value is 


Thus we see that the electrofiltration phenomena offer a possibility 
of measuring the pressures of the fluids inside the porous layer itself, 
without allowing the fluid to flow into the hole. To achieve this, it will 
suffice to modify the pressure of the muds in the drill hole, either by lower- 
ing the water level, by modifying the density of the muds, or by i increasing 
the pressure by means of the mud pumps. Knowing the height of the 
column of mud and its density, the pressure H will then be known. I+ 
will therefore be easy to evaluate p. 

As an example, Fig. 18 represents two porosity diagrams obtained 
with a water sand in the Pechelbronn oil field by varying the head. The 
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first diagram shows that with a column of mud of 309 m. an electrofiltra- 
tion phenomenon of 60 mv. was obtained. On the second diagram, the 


corresponding figures are respectively 208 m. and 25 mv. The density 


of the muds being 1.2, we deduce immediately the pressure in the water 
sand, p = 16.6 kg. It has been possible to verify the correctness of this 
pressure, by letting the level of the water reach its position of equilibrium 
in the drill hole. 

We believe that the results to be expected from such pressure deter- 
minations are very important, since the determination of the rock 
pressure has, so to speak, thus far entirely escaped investigation. There 
is no doubt that the systematic study 
of factor p, for the various productive 
horizons of an oil field, would permit 
conducting the exploitation in a much 
more rational manner than has been 
possible heretofore. 

These pressure measurements con- 
stitute an interesting new line of inves- 
tigation. They are often considered as 
very delicate by the drillers, who are as 
yet reluctant to try them. The tests, 
therefore, were performed mostly on 
water flows, and have not received the 
confirmation of a large field practice. Head of the Mud. 309 meters 
The authors hope that, in the near ____ Head of the Mud: 208 meters 
future, it will be possible to judge more Fie. 18.—MEASUREMENTS OF ROCK 
completely the practical interest of this das Came 
new technique, which, in their opinion, possesses far-reaching 
possibilities. 
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C.—ELEcTRICAL ANISOTROPY OF Rocks; DETERMINATION OF DIRECTION 
oF Dip 


It is well known that the conductivity of stratified rocks is not the 
same in all directions; it is a maximum in the direction of the stratifica- 
tion, and a minimum perpendicular thereto. In this connection, the 
electrical properties of the sedimentary formations are comparable to 
the optical properties of crystallized media. If an electric current is 
caused to flow from a grounded point-source into a stratified rock, the 
surfaces of propagation (equipotential surfaces) are not spheres, but 
flattened ellipsoids, the axis of revolution of which is perpendicular to the 
plane of stratification. 

It is possible to take advantage of this property to determine the 
direction of dip of formations traversed by drill holes. On Fig. 19, a 
cross-section of the formations perpendicular to the plane of stratification 
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SS’ has been represented along the axis of the drill hole. If x 
is sent into the ground by means of two grounds A and B, which 


connected by an insulated cable one to a battery H, the equipotential 


surfaces in the neighborhood of A are flattened ellipsoids which have 

the line AZ for their axis of revolution. We have represented the section 

of one of these ellipsoids in the plane of the figure. This is an ellipse 
elongated along the axis SS’. 

We will now lower into the hole two secondary electrodes M and N 

attached to a horizontal rod at a given distance apart. These two 

electrodes are connected by means of two insu- 

lated cables, 2 and 3, to a potentiometer P, at 

E m 2, the surface. It is easy to see that if the line 

& MN is oriented perpendicularly to the plane of 

2 Vi the figure, electrodes M and N will be located 

2g ‘yon an equipotential surface, and no difference 

/ of potential will be observed with the potentio- 

meter. On the other hand, if M and WN are in 

the plane of the figure, the difference of poten- 


NEM ye tial will be at a maximum. 
J | 4477S): Suppose now that the rod MN is attached 
Z Jy de We Ly. to the lower part of a pipe which extends to 
fs oo : i the mouth of the hole, and which may be 
She / rotated at the will of the observer. This pipe 
L VAN y may be, for instance, the drill pipe itself. It 
t WO/ ¥ will be of steel, except for its lower part, where 
E46 al necessarily it will be made of an insulating 


WS = Yy material, in order not to disturb the propaga- 


tion of the current around A. The pipe is 

Fic. 19.—Etxcrricat pe- Provided at its upper part with two marks m 

TERMINATION OF DIRECTION OF and n, which are located exactly on the verti- 

Sie cal lines passing through M and N. The 

observer at the surface knows, then, accurately, the orientation of the rod 

MN by looking up the position of the marks mand n. It is evident that, 

under these conditions, it will be easy for him, by turning the pipe, to 

determine the position at which the electrodes M and N will be at the 

same potential while the current is passing through the ground. This 
first experiment will give the direction of the strike. 

As to the direction of the dip, it will suffice to rotate the pipe at an 
angle of 90° from the first position, and observe the sign of the difference 
of potential between M and N. 

Naturally, in practice it would be very inconvenient and very slow to 
determine the position of the line MN by means of a steel pipe. A 
simple way to achieve this is to make the determination with reference 
to the direction of the terrestrial magnetic field by means of an induction 
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compass, as will be explained later on, in the description of the electro- 


magnetic teleclinometer. 


A measuring apparatus has been built according to these principles. 
It has, like the teleclinometer, the form of a long, metallic, cylindrical 
case. It is lowered into the drill hole by means of the tricable which 
is employed for the resistivity and porosity measurements. Two of the 
insulated cables are connected to the electrodes M and N, and the third 
one is connected to the induction compass and to the ground A. The 
apparatus has given reliable results, but has not yet been employed 
extensively. It will be necessary to test it further, as to its strength, 
practicability and accuracy before putting it definitely in use on a com- 
mercial scale. 


D.—TEMPERATURE MEASUREMENTS IN Dritt Hoes 


With the same equipment shown in Fig. 1, it is easy to make an 
arrangement which permits an accurate determination of the temperature 
inside drill holes. 

It will suffice to connect two of the insulated cables to a resistant 
spool formed of a metallic wire perfectly insulated and possessing a high 
temperature coefficient, and to lower this spool inside the hole. Con- 
siderable research work has been necessary in order to achieve a small 
time factor (metallic wire which will quickly assume the temperature of 
the surrounding medium) combined with a good electric insulation. 

The resistance of the circuit is measured at the surface by the well- 
known method of the Wheatstone bridge. Since this resistance depends 
upon the temperature of the apparatus, it is possible to determine the 
temperature inside drill holes with great accuracy, rapidity, and in 
the form of a continuous graph. In practice, the potentiometer and 
the registering apparatus previously described are utilized. The temper- 
ature is automatically registered on a sheet of coordinate paper. It is 
plotted as abscissas, while the depths are shown as ordinates. The 
precision of the apparatus reaches the twentieth of a degree Centigrade, 
and can be easily increased. The measurements can be carried out in 
the course of a few hours. This apparatus thus seems to constitute a 
great technical advance, compared with those which have been thus 
far realized. 

What is the information that can be derived from temperature 
measurements? Our practical experience is still too limited for us to 
formulate a definite opinion on the subject. There exist abundant 
literature and documentation regarding temperature measurements 
earried out in drill holes; in particular, Bulleton 205 of the American 
Petroleum Institute, on Earth Temperature in Oil Fields, is entirely 


‘devoted to such measurements performed in oil fields, with articles by 
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K. C. Heald, C. E. Van Orstrand, J. A. MeCutchin, E. M. Hawtoff and 
A. J. Carlson. 

Practically all of these measurements have been made with the mer- 
cury maximum thermometer method, but Van Orstrand mentions that 
experiments have been carried out by him with an electrical resistance 
thermometer. We will quote the following paragraph from his article: 


On account of the initial expense of the necessary equipment, and the difficulty of 
constructing leads that will remain intact after being immersed in a mixture of crude 
oil and salt water, the electrical method has not been given the careful consideration 
that it deserves. Once these obstacles are overcome, however, the advantages of the 
electrical resistance thermometer method over the mercury maximum thermometer 
method are so great that the former method will undoubtedly come into general use. 


We believe with Van Orstrand that the study of detailed temperature 
diagrams registered along the whole length of the open hole, by means of 
an electrical resistance thermometer, will furnish very interesting informa- 
tion. Such information will be useful not only for the working out of 
the general geological conditions, but also for the study of particular 
problems such as the location of gas horizons, water levels or oil-bearing 
strata which flow into the holes. 

A party of observers equipped to perform resistivity and porosity 
measurements will have already at their disposal all the expensive equip- 
ment necessary to carry out temperature measurements. The addi- 
tional expense required to add a reliable electrical thermometer to this 
equipment was not very high, and was therefore justified. We hope 
that, thanks to the low cost which they now entail, geothermic studies in 
drill holes will receive the attention which they justly deserve. 


E.—REsIsTIVITY OF THE Mups; LocaTION oF WATER FLOWS 


We have seen previously that the potential measurements made 
between electrodes M and N (Fig. 1) characterize the resistivity of the 
formations in the region of the three electrodes A, M and N. We were 
careful, however, to point out that this was true only if the length of the 
measuring arrangement AMN was sufficiently great in comparison with 
the diameter of the hole (10 to 20 times larger). / 

If, on the other hand, a measuring arrangement is adopted which is is 
small in comparison with the diameter of the hole, it is no longer the 
resistivity of the formations that will be measured, but that of the mud 
surrounding the electrodes A, Mand N. A practical apparatus has been 
built for the carrying out of such measurements—the resistivimeter. 
This apparatus is hung at the lower end of the tricable by connecting 
each of its three electrodes to one of the insulated conductors. The 
measurements are performed with the equipment and the same technique 
already described in connection with the resistivity measurements 
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E: They are likewise automatically registered on coordinate paper by means 
of the recording apparatus. 


Location of Water Flows 


The interest of the resistivity measurements lies.in the facility and 
accuracy with which they permit the location of water flows. We will 
describe the technique which is generally employed to this end, and 
illustrate it with an example drawn from the Pechelbronn field in Alsace 
(drill hole 3346). Before carrying out the measurements, the well 
was conditioned by washing with nonsalted mud. Immediately after 
this operation, the first run was effected. 

- At that time'the composition of the mud was 
approximately homogeneous along the ¥ 
wiioleslength of thethole) arid.the diagram oo 
obtained (solid line on Fig. 20), showed a & 
s 
$ 


Resistivity of the mud 
° 0,5 1 15 


practically uniform resistivity. The level 
of the mud was then lowered by about 300. 
ft. so as to allow the water-bearing levels 
to flow into the hole, and a second run was 
made. A distinct perturbation appeared 
upon the new resistivity graph at a depth 
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of 1160 ft. (broken line’ on Fig. 20). The 85 
explanation of this perturbation is evident. j,99 Res 
It was caused by the water flowing from a & Ax 
porous layer at a depth of 1160 ft. This s 98 
water, as a result of the bailing of the mud, 7 R 
filled the drill hole from 1160 to 1080 ft. ve : § 
The graph shows that it is usually un- wm odisaisbiiees gag 
necessary to realize such a large flow of the WATER FLOW \R 
porous layers into the drill hole. In the r 
present case the amount of mud bailed out \ 

was exceedingly large, and a much smaller wooq 
decrease of the water head would have been 

sufficient. This point is important, since it — anes areca ce. 
shows that the new process can be safely Readings taken after allowing 
applied in drill holes where blow-outs are ~~ Sa/t water 2 Fore ink well 


Fig. 20.—LocaTION OF A WATER 
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These diagrams of the resistivities of the 
muds frequently make it possible to determine the levels where slight 
gas occurrences are to be found in drill holes, the gas bubbles generally 
carrying with them a distinct increase of the resistivity of the mud. 
Another particular application of the apparatus consists in determin- 
ing the respective levels of oil and water in a pumping well from which 
the pumping equipment has been removed. 


268 ELECTRICAL CORING 


Another apparatus called “water witch” has been in use Son som 


time in oil fields for the location of water flows. This apparatus, at 2 


first sight, would appear to be similar to the resistivimeter described 
above, As a matter of fact, the two devices are based on entirely © 
different principles. The water witch device measures the quantity of 
an electrical current flowing between two primary electrodes, while the 
resistivimeter measures the resistivity of the mud by means of two addi- 
tional secondary electrodes. 


F_—ELEcTROMAGNETIC TELECLINOMETER; SURVEY OF CROOKED HOLES 


The systematic use of geophysical measurements inside all the borings 
of a district permits the establishing of geological cross-sections of great 
accuracy. Water shut-offs, location of oil zones, etc., are obtained in 
practice, to an accuracy of one foot. In order to take advantage of this 
precision, however, it was necessary to eliminate the great uncertainty 
-which results from the obliquity of the axis of the hole. When the 
depths are great, in particular, this obliquity may be the cause of con- 
siderable errors. 

On the other hand, the determinations of dip obtained with the use 
of our ‘“dipmeter”’ cannot be relied upon if the axis of the hole is not 
vertical or its position not well known. It is necessary, therefore, to 
know the inclination and the direction of the axis of the drill hole itself. 
We were consequently led to construct a teleclinometer, which makes it 
possible to obtain the exact picture of the path actually followed by the 
axis of the drill hole. 

A full description of the practical realization of this apparatus is 
not necessary here. Its principles only will be indicated. It is composed 
essentially of an induction compass, a rotating spool composed of several 
loops of insulated wire, the ends of which are connected to a collector, 
also rotating, and with which brushes come in contact, and has an iron 
pendulum which can be magnetized at will from the surface by means 
of a current sent into the insulated solenoid. This magnetized pendulum 
is mobile around a double knuckle joint, and keeps permanently vertical. 
It is placed in the vicinity of the compass, and creates a magnetic field 
which is superposed on the terrestrial magnetic field. Each of these two 
magnetic fields (field of pendulum and terrestrial magnetic field) generates 
in the induction compass electromotive forces which are measured 
at the surface. To this effect, the measuring apparatus is connected 
to the brushes and to the induction compass, by means of two insulated 
cables. ‘The measurement of these electromotive forces makes it possible 
to compute separately the values of the two magnetic fields, as well as 
their orientation with respect to the position of the brushes of the com- 
pass. From this the angle of inclination of the hole, and the orientation 
of this inclination, are obtained. 
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The apparatus has the form shown in Fig. 21. It 


is long enough so that it may be considered to remain 


parallel to the axis of the hole. It is attached to and 
lowered into the hole by means of insulated cables, 
which, as already mentioned, are connected to the 
magnetic compass and to the solenoid that regulates the 
magnetization of the magnetic pendulum. The general 
equipment utilized for the measurements is always that 
shown in Fig. 1; only the apparatus attached to the end 
of the tricable and lowered into the hole is different. 
At the surface, the registering apparatus, naturally, is 
not employed, and the measurements are made with the 
potentiometeralone. The inclination is correct to with- 
in 0.5°, and the drift of the hole from the vertical can 
be determined with a precision of about one per cent of 
the depth at which the measurement is effected. 

There are already on the market several methods 
for the survey of crooked holes, the simplest being the 
use of an acid bottle. The principal advantage of the 
apparatus described here consists in the fact that 
numerous determinations at various depths can be 
effected in a very short time (about 2hr.). It is there- 
fore economical. ‘The equipment utilized is the same as 
that employed for the registering of the resistivity and 
porosity diagrams, therefore if the resistivity or porosity 
survey of a hole has been decided upon, the study of its 
inclination and direction will not necessitate any special 
interruption of the drilling. 

The principle of the apparatus, which is based on 
the use of an induction compass, does not offer the pos- 
sibility of carrying out measurements inside the casing. 
They have to be made in the open hole, a fact which 
presents an advantage, since the survey is performed 
at a time when it is still possible for the drillers to 
rectify a crooked hole. In practice, the impossibility 
of carrying out measurements in the casing causes no 
serious inconvenience. When an electrical party is 
operating in a field, the observers have to survey all the 
holes being drilled, from the surface to the bottom. It 
is, therefore, easy for them to study from time to time, 
in the course of the drilling, the verticality along the 
whole length of the hole. 

On the other hand, the use of the induction com- 
pass, which can be very strongly built, made it possible 
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to construct an apparatus which is not affected by shocks. guee a 
result would not have been so easily feasible with a gyroscopic ae 
pr ! SuMMARY 

The authors have described a series of methods and apparatus which 
permits the study of the formations penetrated by drill holes. They 
gave to the ensemble of these processes the name of “Electrical Coring,” 
from analogy with mechanical coring, which has been thus far the only 
tool at the disposal of the geologist and production engineer to secure 
subsurface data in. drilling exploration. 

The process comprises a series of measurements carried out in situ 


- by lowering the measuring apparatus into the drill hole. Thus, numerous 


bottom-hole data are obtained; namely, the electrical resistivity, the 
porosity, the temperature of the rocks, the direction of the dip of the 
formations, the resistivity of the muds, and the inclination and direction 
of the hole. 

In the examination and identification of formations, the use of two 
physical parameters has been introduced: the electrical resistivity 
and the porosity. These parameters, measured inside the hole itself, 
make it possible to obtain numerous and reliable stratigraphical correla- 
tions. These correlations advantageously replace, in most cases, those 
obtained with the expensive and slow procedure of mechanical coring. 

Strata saturated with oil or natural gas show up very distinctly on the 
resistivity diagrams, on account of their great electrical resistivity, and on 
the porosity ‘diagrams on account of their great permeability. Their 
identification, therefore, is particularly clear. Furthermore, the numeri- 
cal value of the resistivity itself, measured in a given oil-bearing stratum, 
generally gives a satisfactory idea of its future production. Finally, it is 
possible, with the use of quite a simple procedure, to determine the rock 
pressure itself inside a porous stratum. 


CONCLUSIONS 


The fact that it now becomes possible actually to examine at depth the 
properties of the rocks, instead of bringing expensive core samples, lacking 
their initial absorbed fluids, to the surface for examination, is of para- 
mount importance. It decidedly increases, in a large measure, the 
amount of useful information available for the technical man. Water- 
bearing formations can be located and studied in detail. Temperature 
measurements of the rocks, and measurements of the resistivities of the 
muds, will in numerous cases still further complete the amount of 
bottom-hole data at hand. Finally, measurement of the direction of 
the dip of the formations, and determinations of the inclination and 
direction of the hole, will make it possible to give to the different measure- 
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ments discussed above a geometric accuracy unknown up to the pres- 
ent time. 

However, the greatest advantage of electrical coring is certainly 
the fact that the exploitation may be conducted more rationally, since, 
on the whole, more subsurface and bottom-hole data are gathered than 
with mechanical coring. Asa matter of fact, as far as oil exploration is 
concerned, it is mainly the increase in the total amount of oil recovered 
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per well that has been the deciding factor in the success of the new 
process. The saving in the cost, although considerable, in this instance is 
only of secondary importance. 

Our experience now covers extensive field work in a number of districts, 
where electrical coring has practically replaced mechanical coring, with 
substantial advantages as to drilling speed and increase of production. 
We were, naturally, called in to these districts because the drillers 
experienced great difficulty in finding reliable horizon markers, as is 
generally the case with unconsolidated marl or clay formations drilled 
with the rotary process. Such cases are, of course, favorable to electrical 
coring. Among less favorable cases, we may cite those where cable- 
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tool drilling is utilized, or where a very evident lithologie urke S 
found just in the neighborhood of the top of a sie pares i) ae 
In spite of the commercial crisis, these new geophysical methods have 


been developing steadily during the past three years. Their application aa 
‘was commenced industrially on a small scale in 1928. In January, 1929, as 
the number of resistivity runs made during the month was 12, representing _ 


a length of 2050 ft. In December of the same year, the corresponding 
figures were 98 runs and 43,972 ft. Since then, these figures have 


constantly increased, to 84,200 ft. (121 runs) monthly in December, 1930, — 


and 236,000 ft. (200 runs) in November, 1931. Fig. 22 shows the monthly 
progress of this work. 
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A New Contribution to Subsurface Studies by Means of 
Electrical Measurements in Drill Holes 


By C. anp M. ScutumsErcER* AND E. G. LEONARDON,* Paris, FRANCE 
(New York Meeting, February, 1933) 


Last year the authors presented a paper that discussed the various 
electrical measurements they perform in drill holes, which they name 
“electrical coring.”! The object of the present paper is to give a brief 
account of the points of scientific interest that have been elucidated by 
further field work and laboratory research, as well as the economic 
results that have been attained recently. 

The practical examples given in this paper are drawn, for the most 
part, from the field work performed in Russian oil fields during the years 
1931 and 1932. This is due to the fact that, thanks to the comprehensive 
cooperation of the Russian geologists and scientists, the authors are 
allowed to make public a large amount of recent information. In other 
countries in which the authors are engaged in similar work, the competi- 


tion between private companies makes it imperative, for a considerable 


lapse of time, to avoid publication of the results obtained. 

The following points will be discussed successively, under sepa- 
rate headings: 

1. Electrochemical phenomena in drill holes. 

2. Stratigraphic correlations and tectonic studies. 

3. Relations between the productivity of oil horizons and their 
electrical resistivity. 

4, Location of coal seams. 

5. Summary and conclusions. 


ELECTROCHEMICAL PHENOMENA IN Driwt HOLES 


Technical Publication 462+ described the author’s discovery concerning 
the existence of important differences of potential spontaneously gener- 


* Société de Prospection Electrique, Procédés Schlumberger, Paris, and Schlum- 
berger Electrical Prospecting Methods, New York. 
1C. and M. Schlumberger and E. G. Leonardon: Electrical Coring: a Method of 
Determining Bottom-hole Data. See page 237, this volune. 
The term “‘electrical coring” is probably not the best expression that might have 
‘“Blectrical logging,’’ for instance, would be more appropriate. How- 


been chosen. 
”” ig now more or less in common use In technical literature. 


ever, “‘electrical coring 
therefore the expression is retained. 
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ated in open holes, where intersecting porous strata, without the intro- 
duction of any artificial current into the holes, and presented a scientific 
explanation of the phenomenon, the differences of potential observed 
therein being ascribed to two causes: 

1. A phenomenon of electrofiltration, by which the fluids same 
through the porous media develop electromotive forces. 

2. Electrochemical phenomena, resulting from the variable com- 
position of the strata and from the percentage of dissolved salts con- 
tained therein. 

The authors had considered this second cause of secondary impor- 
tance, but more extensive experiments and field work have showed that, 
under certain circumstances, it could play a capital role. The whole sub- 
ject will be discussed again, in the light of the experimental information 
newly acquired. 


Electrofiliration 


To opepia with, it must first be clearly stated that, in certain oil fields, 
electrofiltration appears really to constitute the essential cause of the 
differences of potential registered. The relationship that exists, in this 
case, between the difference of potential and the pressures in the hole 
and inside the porous layer can be verified with a satisfactory degree of 
accuracy. By lowering the pressure by means of bailing or increasing 
it by use of the mud pumps, it is thus possible to compute the pressure 
in any given porous layer; the figures obtained for the rock pressure are 
in accordance with those that could be obtained in some other manner. 

Fig. 1 shows an example drawn from the Grozny oil field, North 
Caucasus, U.S.8.R., which illustrates this point. It represents the 
porosity diagrams registered in the same hole for two different positions 
of the mud level, at 0 and 80 meters below the derrick floor. The resis- 
tivity diagram also is given, at the left-hand side of the figure. Several 
porous horizons, numbered IV-VII, X, XI, XII and XIII, are known to 
exist in this part of the geological column. They are shown on the 
resistivity log, where they are marked by as many resistivity 
peaks. On the porosity diagrams the same porous layers show up by 
positive or negative centers of potential. A positive center corresponds 
to a layer discharging fluid into the hole, and its magnitude decreases 
with an increase of the head of the muds; these conditions are encountered 
at layer IV-VII. A negative center characterizes the opposite conditions; 
the mud penetrates the porous formations, and the greater the pressure, 
the stronger the negative potential. This is true for layers X, XI, XII 
and XIII. 

Knowing the differences of potential measured, and the level of the 
mud in each experiment, the rock pressures in the above mentioned 
porous layers can be computed. This computation has been made, and 
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Fig. 1.—INFLUENCE OF PRESSURE OF MUDS ON MAGNITUDE OF ELECTROFILTRATION 
PHENOMENA. Grozny, U. 8.5. R., 1932. 


Resistivities in meter-ohms; scales of porosity logs in millivolts. 
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a figure rather too high. — 
It is now advisable to mention the conditions obtaining in the hole, 
and in the porous layers under consideration, at the time the experiments 


were performed. The resistivity of the muds was 2.9 meter-ohms; 


in other words, it contained (supposing that its temperature was 18° C.) 
about 2 grams of sodium chloride per liter. The waters themselves in 
the porous horizons carry only limited quantities of dissolved salts; 
less than 3 grams per liter, in general, and even less for the thirteenth 
horizon. Under these conditions, it is but normal that no appreciable 
electrochemical phenomenon takes place between the muds and the 
porous formations, since the waters contained in the latter show approxi- 
mately the same percentage of dissolved salts as the muds. 
It must also be pointed out that the Grozny sandstones are made up 
as of comparatively coarse particles, 
ATER which would seem to account for the 
fact that the porous horizons are not 
sealed off easily and quickly by the 
mud fluid. The electrofiltration 
phenomena are therefore probably 
much more stable in Grozny than in 
many other fields. 


Principles of Electrochemical Forces 


Similar conditions, however, are 
not maintained to the same extent 
in every oil field. For this reason, 

Tig. Do REMOTROCHEMIGAL PoRTaNe iON BE the authors’ measurements 
GENERATED IN A DRILL HOLE By A became more widely utilized, they 
SALTY, POROUS LAYER. gradually discovered another cause of 
electrical differences of potentials, whose existence they theoretically 
surmised, but the importance of which had been underestimated. These 
are the electrochemical phenomena caused by the variable content in 
dissolved salts of the muds and waters in the porous horizons. This new 
phenomenon can be described as follows. 

Consider a drill hole H, filled with sweet water. This hole encounters 
a porous sand layer P, containing salt water, and comprised between two 
impervious argillaceous layers J and I’ (Fig. 2). Experience shows that, 
even in the absence of a difference between the rock pressure and the head 
of the water filling the hole, a negative potential is observed in the dia- 
gram of the electrical potentials along the drill hole, at the intersection 
with the porous layer. An electromotive force is set up, caused by the 
difference in concentrations of the electrolytes coming into contact in 


the figures obtained are reasonable, according to the petroleum engir eek an 
at Grozny, with the possible exception of the IV-VII horizon, which gives 
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the region of the layer P. The water in this layer, rich in dissolved salts, 


is positive in comparison to the sweet water in the hole, and the electric 
current that is caused to flow into the porous layer and the surrounding 
rocks follows the path shown in Fig. 2. In other words, there is a 
“concentration element,” and the differences of potential registered 
correspond to the ohmic drop caused by the flow of electric current in the 
water filling the hole. 

If, in addition, there exists an electromotive force of filtration caused 
by a difference of pressure between the mud in the hole and the fluid in 
the layer, the two phenomena are superposed, and only the resulting 
effect will be observed. In this case, it is no longer possible to compute 
the pressure inside the porous layer by allowing the head of the mud in 
the drill hole to vary. Such a computation is correct only where the 
electrochemical forces are negligible. Since drilling is usually performed 
with relatively sweet muds, this condition will be realized in the regions 
where the rocks (including porous formations) are only slightly saline. 
As noted above, this seems to be the case at Grozny. 

To find the order of magnitude of the potential differences that will 
be observed in practice, follow the path of a line of current ABCA 
(Fig. 2) from the point where it leaves the hole until it reenters it again. 
In the neighborhood of A, there is a contact between sweet and salt water, 
in a medium where the pores have large dimensions, and where the mobil- 
ity of the ions is not appreciably hindered by the presence of the porous 
material. Experience shows that the electromotive force is the same 
as though the contact took place directly between the two fluids alone. 
The value of this electromotive force of contact at 20° C. is given by 


the formula: 


RT or—" GA 
sip Ay ie [1] 


E 


where the letters have the following meanings: 
E, electromotive force in volts, 
T, the absolute temperature, 
n, the valency of dissolved salt, 
R, the constant of the perfect gases, 
F, the Faraday (or 96,600 coulombs), 
u and », the mobilities of the cation and anion, 
L, the Napierian logarithm, 
C, and C2, the concentrations of the two solutions. 
Applying the preceding formula to sodium chloride solutions, for 


which 
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the electromotive force is given, in millivolts, by | mines 
se eae 
E = 11.6logwG, | 2 


and if Cy = 10C2, H = 11.6 pullin 
The ratio e is equal to the ratio - of the specific resistances of the 


electrolytes. A ratio of 10 will correspond, for instance, to a resistivity 
of 0.5 meter-ohms for the waters included in the porous medium,. and of 
5 meter-ohms for the muds; this kind of mud is a rather usual type.. 

At points B and C, here are two contacts between the impervious 
medium and the electrolytes that fill respectively the porous layer and the 
hole. The authors do not know of any exhaustive research work regard- 
ing the electromotive forces created at such contacts. Laboratory 
experiments carried out by the authors in order to study this point have 
shown that the electromotive forces at the contacts B and C generate a 
current which flows also in the direction ABCA, and consequently 
increase the difference of potential observed in the hole at the porous 
layer. The total electromotive force E;, of the circuit ABCA, can be 
represented by the formula: 


E,=K log = [3] 


where 7; is the resistivity of the salt water contained in the layer; ro, 
that of the mud; and K a constant factor, which depends on the consti- 
tution of the impervious rock and the chemical compositions of the fluids 
in contact. 

For a plastic gray clay, and a porous medium composed of coarse 
siliceous sand, saturated with a solution of sodium chloride, the value 
found for K is approximately 17 (EZ; being expressed in millivolts). 
Table 1 shows a comparison between a series of laboratory measurements, 
and the corresponding electromotive forces computed from formula 3. 
The resistivity of the sweet water r; was equal to 24 meter-ohms, while 
the resistivity of the salt water rz varied from 17 to 0.04 meter-ohms. 


TABLE 1.—Electromotive Force, Measured and Computed 


r2, meter-ohms Et (measured), My. E; (computed), My. 
17 4 2.5 
10 6 6.5 
3.5 15 14 
1.08 23 23 
0.25 27 34 
0.067 45 43 
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These considerations are completed below by some practical ‘result 
obtained in drill holes. Such results are very interesting, since they ; 
are useful in analyzing the causes of the electrochemical phenomena 
observed, and in sizing up their importance and significance for a more 
complete study of the formations in drill holes. 

A first example, which illustrates the variations of the electromotive © 
forces with the salinity of the muds, is given in Fig. 3. This figure — 
represents, in the zone of the fourth horizon, the resistivity and porosity _ 
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Fia. 4.—VARIATION OF ELECTROCHEMICAL FORCE IN GIVEN LAYER, WITH MUDS OF 
DIFFERENT SALINITY. Brpi-Erpat, U. 8.8. R., 1932. 


Average Resistivity of Water in Porous Layers, about 0.1 Meter-ohm 


Resistivity of Muds, Differences of Potential, 
No. " Hole Meter-ohm i 
2 0.44 14 
3 0.18 4 


diagrams obtained in two neighboring wells of the Surakhany oil field, 
Azerbaidjan, U.S.S.R. In this field, the average resistivity of the 
waters contained in the rocks at the depth under consideration is about 
0.08 meter-ohms (corresponding to a density of about 10° Bé). 

In drill hole No. 1, the mud filling the hole showed a resistivity of 
0.66 meter-ohm. As a result of the great excess in salinity of the water 
contained in the porous horizons compared to that in the hole, important 
differences of potential were recorded at the porous layers. These layers 
also contain oil, which accounts for their high resistivity. 
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In drill hole 2, the resistivity of the muds was lowered to 0.14 ohm. 
With such a concentration, which does not differ much from that of the 


water contained in the porous layers, the electrochemical phenomenon is 


searcely perceptible, and the diagram is practically flat. Thus, the 
magnitude of the potential differences varies according to the difference 
in the percentage of dissolved salts between the waters filling the hole and 
the porous layers. 

Fig. 4 represents the electrochemical differences of potential observed 
at the passage of the fourth horizon in three different holes of the Bibi- 
Eibat field, Baku, U.S.S.R. As in the previous example, the measure- 
ments were performed in muds with increasing salinity. 

It must be borne in mind that in the two cases mentioned the forma- 
tions examined are the same (region of the fourth productive horizon), 
but at Bibi-Eibat the waters contained in these formations are less 
salty (resistivity about 0.1 meter-ohm, against 0.08 meter-ohm). 
This accounts for the fact that the electrochemical phenomena are less 
intense at Bibi-Eibat than at Surakhany. 

Finally, observations were made in the Leninsky Rayon field, Baku 
district, U.S.S.R., on the deep formations of the Kirmaku series. The 
average salinity of this terrane is much less than in the two examples 
cited above (about 2° or 3° Bé, corresponding to an average resistivity 
of 0.25 meter-ohm), with the result that, in some instances, the muds 
show a salinity greater than that of the surrounding formations. In 
this case, positive, instead of negative, peaks of potentials are observed 
at the porous layers. 


SrRATIGRAPHIC CORRELATIONS AND TECTONIC STUDIES 


The utility of the numerous correlations, furnished by the resistivity 
and porosity diagrams, for the detailed and accurate study of subsur- 
face geology, has already been discussed and emphasized by the 
authors. It is interesting, however, to show some of the results that can 
be obtained by systematic and persevering application of the electrical 
technique. 

Fig. 5 represents the subsurface map of Surakhany field, as it was 
known in October, 1930, previous to the use of electrical coring in this 
field.2 Fig. 6 represents the same map in January, 1932. It reveals 
the existence of eight new faults, hitherto unknown. The discovery 
of this system of faults makes it possible to explain satisfactorily the 
geological conditions of the Surakhany field, which formerly appeared 
so perplexing to the geologists. The lack of regularity that had been 
Aaah plik Re ei hrwper Vet yet Set) hi 


2 Published in Azerbaidjan Oil Industry (August, 1931). 
3D. Jabrev and K. Emilianov: Results of the Application of Electrical Coring in 
the Ordjonikidze (Surakhany) Oil Field. Azerbaidjan Oil Industry (January, 1932). 
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observed in the productive horizons, which had been attributed to lateral _ 
changes in their lithological brane: is, in fact, a consequence of this 


system of fractures. 9 
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Fig. 5.—STRUCTURAL MAP OF SURAKHANY OIL FIELD AS KNOWN IN Avuaust, 1981. 


During the course of the year 1932, additional electrical work made it 
possible to study in still greater detail the structural geology of this field. 
It is to be hoped that a new map, summarizing all the information regard- 
ing the Surakhany field available up to the present time, will shortly be 
made public by the Soviet Government. 
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Fig. 6.—STRUCTURAL MAP OF SURAKHANY OIL FIELD AS KNOWN IN JANUARY, 1932 


Retation Between Resistiviry or Orr Horizons AnD THEIR 
PRODUCTIVITY 


Attention has already been drawn to the fact that a definite relation 
often seems to exist between the productivity of an oil horizon and the 
order of magnitude of its electrical resistivity. It goes without saying 
that it would not be safe to generalize this law too much, and that the 
comparison of oil horizons possessing entirely different constitution, 
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texture, pressure, salinity, etc., would lead to incorrect conclusions. 
On the other hand, the mere comparison of the resistivity figures obtaine e 
in different wells of an oil field for a given horizon will furnish useful 
information as to its degree of saturation, and thus will make it pone 
to orient its exploitation in a rational manner. 
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Fia. 7.—RE5sISTIVITY MAP OF 4G HORIZON IN SURAKHANY OIL FIELD. 


Fig. 7 shows the resistivity figures measured on the fourth horizon 
in the Surakhany field. The high-resistivity zones are also the most 
productive. It is worth noting, by comparing this resistivity map with 
the structural map shown on Fig. 6, that these resistive zones are 
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located precisely on the different highs of the structure. One part a 


the field deserves special mention; the low-resistivity zone with coordi- 


nates 41K and 42K, where resistivity figures as low as 12 and 14 meter- 
ohms were recorded. Actually, these measurements are located in a 
compartment where the fourth horizon is sterile. 
Usually, as already pointed out, it is well-nigh impossible to obtain 
permission to make public the structural maps and electrical results in 


an oil field in the process of discovery or exploitation. Such publication | 


could easily be detrimental to the oil companies, which are in keen 
competition in the territory under consideration. For this reason, the 
authors believe that the example of accurate subsurface geology deter- 
mination achieved in Surakhany field will be of particular interest to 
petroleum engineers. 


LocaTIon OF CoaL SEAMS 


A striking example of the difficulty of locating coal horizons is illus- 
trated by the hole drilled near Estevelles, in 1931, by the Compagnie des 
Mines de Courriéres (France). It was an exploration hole, drilled down 
to a total depth of 1238 m. (4060 ft.). In spite of continuous mechanical 
coring, no coal horizon was located. When drilling was discontinued, and 
the casing removed, it was decided to have recourse to electrical coring in 
order to check the negative information furnished by mechanical coring. 

On the sandstone horizons, high resistivity figures, between 500 and 
1000 meter-ohms, were obtained. Theshales, on the other hand, furnished 
flat diagrams, with figures in the order of 100 to 200 meter-ohms. In two 
parts of the schists, however, sharp peaks, corresponding to two resistive 
seams, respectively 1 and 3 m. thick, were recorded. The resistivities 
obtained were as high as 1000 and 450 meter-ohms. On Figs. 8 and 9 
are represented the two parts of the resistivity diagram where the peaks 
in question were discovered. In addition, the geological column, as 
furnished by the drillers, has been shown beside the electrical resis- 
tivity curves.* 

At the two depths thus located by electrical measurements, the drillers 
had noticed only a few coal streaks without importance. The conclusion 
drawn from electrical coring, however, was that the two resistive peaks 
corresponded to two coal beds, owing to their high resistivity and to the 
fact that they were located within a layer of soft material. In order to 
check the deeper coal horizon, it was decided to deviate the drill hole so 
as to core it again mechanically. Although the position of the bed was 
known accurately at this time, it was ‘again impossible to bring to the 
surface a single sample of coal. However, by carefully receiving on a 


4 The actual depths at which the observations were made have not been indicated 
on the diagrams. The diagram of Fig. 8 corresponds to the shallower coal bed.. 


senting a coal seam 3 m. thick was recovered. 

This operation demonstrates the efficacious help of elec 
in the exploration by drilling of a substance as brittle as co: 
existence of the shallow seam was not checked by a new deviation of 
hole, since the accuracy of the electrical conclusions was admitted 


the company at the time. 7 
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A much broader application of the electrical coring method is now in 
progress in the Donetz coal basin, U.S.S.R., where the thin and brittle 
coal seams are frequently missed by the drillers. The work is satisfactory 
in every respect, and constitutes a great help in carrying out the explora- 
tion program in force at the present time. 


SUMMARY AND CONCLUSIONS 


Two aspects of the electrical coring process, one of scientific and the 
other of economic and statistical interest, are worth being emphasized. 
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As previously stated, the differences of potential spontaneously gen- 
erated in drill holes are caused either by filtration of fluids through the 
porous layers or by osmotic electromotive forces generated at the contact 
of liquids that do not contain the same percentage of dissolved salts. 

According to the circumstances, one or the other of these phenomena 
takes a predominant place. When the electromotive forces of filtration 
distinctly play the capital role, it is possible to determine approximately - 
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Fic. 9.—Part OF RESISTIVITY DIAGRAM REGISTERED IN A DRILL HOLE AT EstTEVELLES 
(FRANCE), SHOWING LOCATION OF DEEPER COAL SEAM, 


the rock pressure inside the porous layers. On the other hand, when the 
osmotic forces constitute the essential basis of the phenomenon, it is the 
salinity of the water that can be measured. In the intermediate cases, 
the complexity of the phenomena makes it possible to give only a rough 
qualitative estimate of the pressure and the salinity. Whatever the 
conditions, however, the expression ‘‘ porosity log,’”’ which has been given 
to the diagram of the differences of potential spontaneously generated in 
drill holes, is entirely justified, since this diagram puts into evidence, with 
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great accuracy, all the porous layers traversed by the drill hole. Its 
practical utility for supplementing the information given by the resis 
tivity diagram is evident. It plays an essential role in the detailed study 
of the oil and water zones, and is also very useful for the mere purpose % 
of establishing geological correlations between the various formations, — L 
since very often the disturbances registered on the porosity log possess a _ 
characteristic silhouette. a 
As to the economic and statistical point of view, electrical coring 
can render valuable services for the exploitation of oil fields, where 
geological correlations are often very difficult to establish. The examples 
given, drawn from the work performed by the Soviet oil trusts, constitute 
very striking illustrations of this fact. The extensive drilling activity 
of these trusts, and the fact that they are supervised by a central manage- 
ment, has made it possible for them to develop this new technique in a — 
remarkably rapid manner. In the fields of Surakhany (Baku), Bibi- 
Eibat (Baku) and the New Field of Grozny, of which the total production 
represents 66 per cent of the U.S.S.R. production, mechanical coring has 
been replaced almost entirely by electrical coring, which is much cheaper __ 
and quicker. In the fields of Leninsky Rayon (Baku), Maikop, and the 
Old Field of Grozny, although electrical coring has not entirely eliminated 
mechanical coring, yet it plays a capital role there. The latter fields 
represent 24 per cent of the Soviet production. From these figures it is 
evident that electrical coring has either eliminated or considerably 
reduced mechanical coring for 90 per cent of the oil production of 
the Soviet Government. 


DISCUSSION 


(Louis B. Slichter presiding) 


H. Lunpsrere,* New York, N. Y.—Is the electrofiltration phenomenon to be 
expected only in drill holes, or does it occur in undisturbed strata? I have in mind 
one locality where argillaceous quartzite forms a hill that is cut through, near the top 
by a vertical aplite dike. There is absolutely no metallic mineralization ails 
but we found there a negative center of over a volt, nearly twice as high as the there 
cal maximum to be expected on sulfides. Under the topographic circumstances 
water must be in fairly continuous flow down the contact, or near it, and I wonder i 
this could by any possibility account for the potential observed. 


KE. G. Lnonarpon.—I cannot answer that question definitely, but I can say that 
water flowing in the sand of a sea beach will set up spontaneous potentials due to 
electrofiltration. Water rising by capillarity in a formation is also a cause of potential 
differences, but in a case such as that cited if capillarity would bring the water up to 
hilltops and peaks, it would produce a center of positive potentials opposite in sign 
to that noted. Was there any graphite observable in the rocks? 


That often 
strong potential differences. CRUE SS 


* Manager, Swedish-American Prospecting Corporation. 


oted potentials. 


ek vtereatorive Ur ; wi Jo. 92 n 
Cambridge, Mass.—And I have found over a volt on graphite. — 


Pa 
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Leonarpon.—The difficult thing in Mr. Lundberg’s case is merely to 
e magnitude of the phenomenon, if it is only due to electrofiltration. 


ogist and Geophysicist, Low, Kelly & Zuschlag. : 
sociate Professor of Geophysics, Massachusetts Institute of Technology. 


Use of Magnetic Data in Michigan Iron Ranges 


By C. 0. Swanson,* Hovueuton, Micu. 
(New York Meeting, February, 1934) 


In the iron ranges of northern Michigan, magnetic data have been 
used as an aid in geologic field work since the time of the earliest surveys. 
The presence of complex structures containing magnetic formations, and 
the general scarcity of exposures, guided the early work into this line of 
attack, and later field studies tended to place more and more emphasis 
upon this geophysical relationship, until, at present, the collection of 
magnetic data is a matter of routine in any areal survey. At first, 
horizontal deflections of the compass needle were the only data collected. 
In subsequent surveys, greater dependence was placed on dip-needle 
readings, which record variations in the intensity and inclination of the 
earth’s magnetic field. Recently the trend has been toward adjusting 
the instrument so as to reduce the influence of changes in inclination, 
and using a more sensitive modification, called the Superdip,! in weakly 
magnetic areas. To a minor extent, the magnetometer has also 
been employed. 

The object of this paper is to present the writer’s experience with 
magnetic data in this region. The conclusions are based on work 
covering a period of 10 years, and spread over nearly all of the iron 
ranges and a large part of the intervening areas. The viewpoints 
expressed are purely geological ones. In other words, any opinion as to 
the usefulness of a certain relationship is based upon the writer’s experi- 
ence with it as a guide in interpreting the structures of this region, 
and not upon its soundness theoretically, nor its usefulness under 
other conditions. 

A very brief summary of the conclusions is as follows. The most 
important step is that of collecting the magnetic data. This requires a 
suitable adjustment of the dip needle, and sufficient readings to accurately 
portray the variations in the magnetic field, which are apt to be irregular. 
Once the readings are taken and plotted in some clear fashion, the inter- 
pretation of them is usually merely a matter of observing their relation- 


Manuscript received at the office of the Institute April 19, 1933. - 

* Professor of Geology, Michigan College of Mining and Technology. 

1 N. H. Stearn: Hotchkiss Superdip: a New Magnetometer. Bull. Amer. Assn. 
Petr. Geol. (1929) 13; Practical Geomagnetic Exploration with the Hotchkiss Super- 
dip. Trans. A.I.M.E. (1932) 97, 169. 
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ship to the geologic data. In other words, one uses empirical relationships 
established separately for each area. The paper is divided into three 


sections: (1) outline of the general practice, (2) comments on the practice, 


(3) examples of the practice. 


OUTLINE OF THE GENERAL PRACTICE 


The purpose of this outline is to acquaint outside readers with the 
field conditions of the region and the survey methods used in it. 


Field Conditions and General Geology 


The region has a generally low relief. A large part is covered by 
glacial and fluvioglacial deposits, which form flat, rolling, or hummocky 
surfaces. Although some townships are lacking in outcrops, most of them 
contain scattered exposures and small areas of abundant outcrops, which 
have quite rugged relief on a small scale. The vegetation usually is 
thick enough to make the discovery of small exposures a matter of 
careful search. ; 

In very general terms, the oldest rocks form a basement complex of 
granite and metamorphosed volcanics. Overlying this is the Huronian 
series, which is dominantly of sedimentary origin, although it also 
contains voleanic members. It has been folded and faulted in intricate 
fashion, and intruded by basic and acid igneous rocks. The Huronian 


_ rocks are therefore generally metamorphic, and the bedding is usually 


steeply inclined. The Keweenawan series overlies the Huronian in the 
northwest part of the region. It consists of sedimentary, volcanic, and 
intrusive rocks, and is generally less metamorphosed than the Huronian. 
‘Structurally, the Keweenawan forms the south limb of the Lake Supe- 


rior syneline. 
Traverse Methods 


Locations are determined by compass and pacing surveys. Because 
of the magnetic attractions, the sun-dial type of compass is commonly 
used. The fundamental reference points are the section corners and 
quarter-posts, but of course use is made of any other established locations 
that may be present. 

The traverse lines mostly follow north-south or east-west directions. 
Naturally, one chooses the direction that is more nearly transverse to 
the geologic structure. In places the lines may be run in both directions 
where the structure is very complex, or diagonally across the sections 
where a fairly regular linear structure prevails and strikes obliquely with 
reference to the section lines. In many surveys the distance between 
traverse lines is 14 mile, and magnetic readings are taken every 50 paces, 
or 149 mile. These are very general statements, given to indicate the 
type of traverse found most satisfactory under average conditions of 
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visibility of outcrops, lack of pattern in ope compl 

geologic structure, etc. Naturally, where outcrops of magnetic ro : 
found, observations are taken more closely together to determine the a 
details of the distribution of the magnetite and its relation to geologic * 
structures. Or, where a sudden variation is found, closely spaced read- 
ings are taken to learn whether the abnormal reading is a freak due to 


some local interference, or whether it represents a thin magnetic struc- 


ture under a light drift cover. In general, any routine method must be 
modified in certain portions of an area, and the generalization given 
above indicates maximum rather than minimum spacings. 


Magnetic Instruments 


Three types of instruments are used for the detection of magnetic 
variations. One of these, the sun-dial compass, can be used to measure 
changes in the direction of the horizontal component of the earth’s field. 
Formerly such readings were used a great deal to trace magnetic “‘lines,” 
but at present they are taken mainly to permit the running of traverses 
with an ordinary compass in certain areas on cloudy days when the sun 
dial cannot be used. The other two instruments are the ordinary dip 
needle, or dip, and the Superdip. 

The ordinary dip needle contains a magnetic needle centered on a 
pivot which has two pointed ends supported by cup jewels. The south 
end of the needle is counterweighted. When read, the instrument is — 
held so that the needle is free to swing in the vertical plane of the mag- 
netic meridian. The reading is in degrees, with the zero degree marking 
corresponding to a horizontal position of the needle. The readings are 
called plus when the north end of the needle is down. The instrument 
is equipped with one leveling bubble, which is used to bring the zero 
degree marking into a horizontal position. The dip is held by hand 
when the reading is taken, which introduces personal technique as a 
considerable factor. 

The Superdip also has a magnetic needle centered ona pivot. This, 
however, rolls on quartz wedges which are horizontal when the instrument 
is leveled. The counterweight is fastened to a separate arm centered 
on the same pivot. The angle between the counterweight arm and the 
magnetic needle can be varied, and is described by giving the sigma? of 
the instrument. The sigma is 0° if the counterweight arm is horizontal 
when the needle is at right angles to the magnetic lines of force. In a 
magnetic field of which the inclination is 75° (about normal for this 
district), the angle between the arm and the needle is thus 15° when the 
sigma is 0°. In the same field, if the arm is parallel to the needle, the 
sigma is 15°, which is therefore the normal sigma of an ordinary dip of 


2 N. H. Stearn: Second reference of footnote 1. 


; Gu : ety ay 
Cc. O. SWANSON 293 


) : 
perfect construction. The readings again are taken in degrees, with, 


~ however, the zero degree marking corresponding to a vertical position of 

the needle. When read, the Superdip is mounted on a tripod with a 
transit type head, so that it can be accurately leveled. Also, the plane 
in which the needle swings can be made to coincide almost exactly with 
the vertical plane of the magnetic meridian. 


Ordinary Dip Needle 


Adjustments—Moving the counterweight on the needle is the only 
adjustment made. This changes the position of the needle in the mag- 
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é Fic. 1.—READINGS OF AN ORDINARY 

. INCLINATIONS OF THE EARTH'S FIELD AND T 
GRAVITATIVE MOMENTS. 

g is taken, which in turn modifies the sensitivity 

he intensity and inclination of the mag- 

ty to changes in intensity is found 


netic field when the readin 
of the instrument to changes in t 


netic field. The maximum ‘sensitivi 
when the needle is at right angles to the lines of force; that is, when the 


reading is about minus 15°. Ordinarily, sensitivity to changes in inten- 
sity is more desirable than sensitivity to changes in inclination. For 
this reason, the instrument should be adjusted to read between about 
plus 30° and minus 60°. However, because strongly minus readings 
introduce different effects, and because of factors involved in the oper- 
ating technique, small plus readings are usually preferred. 


i 
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Fig. 1 shows graphically some of the relations outlined above. Mov- © 


ing the counterweight changes the gravitative moment acting on the 
needle, and a change in the intensity of the field alters the magnetic 
moment. The ratio between these two moments is one factor that affects 
the readings, and it is the only factor subject to control by adjustment of 


the instrument. The horizontal dimension of the figure shows a certain a 
range in this ratio. The inclination of the field also affects the reading. — 


The effect of this factor is shown by joining the readings corresponding 
to certain inclinations. The figure may be interpreted as follows. If 
the field has an inclination of 75°, an increase in ratio from 1.0 to 1.2 
increases the reading from minus 7° to plus 28°. This would be the 
effect of a 20 per cent increase in intensity, the inclination remaining 
constant. The same increase in intensity might also increase the ratio 
from 1.5 to 1.8 if the counterweight were moved, and it would then 
increase the reading from plus 49° to plus 58°. Such an adjustment 
of the counterweight would therefore decrease the sensitivity to changes 
in intensity. Clearly the dip needle is most sensitive to changes in 
intensity for ratios or readings corresponding to the steepest parts of the 
curves on the figure, and this sensitivity begins to drop off sharply when 
the readings exceed about plus 30°. Again, a change of inclination from 
75° to 78° increases the reading from minus 7° to minus 6° if the ratio is 
1.0; from plus 45° to plus 52° if the ratio is 1.4; and, obviously, from 
75° to 78° if the ratio is infinitely large, as the needle would then lie 
parallel to the lines of force. Thus, if the counterweight is adjusted so 
that the readings range from plus 30° to plus 60°, changes in inclination 
become relatively important, which is not desirable. Further, it may 
be noted that when the instrument has strong negative readings an 
increase of inclination opposes an increase of intensity in its effects on 
the needle, which again is not desirable as a general condition. 

Corrections to Readings.—Usually several instruments are used in the 
course of a survey. These are adjusted to read about the same, but 
exact adjustment in this respect is impractical. Therefore all the dips 
are read at some convenient point where the magnetic field is about 
normal. This normal reading is subtracted from the readings taken 
along the traverses when they are recorded on the map. 

Dip needles may also vary considerably in sensitivity even when they 
read about the same. The main cause of this is imperfect centering of 
the needle on the pivot, which may be introduced by resharpening the 
pivot points. The result is that the sigma is not normal, and therefore 
the sensitivity is not normal. To correct for these variations in sensi- 
tivity, the instruments are read at several convenient stations that give 
a good range of readings. The data so obtained can be used to make up 
a correction chart or table for each instrument, one dip needle being 
regarded as standard. 
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The Superdip 


The ratio of the Superdip may be changed in the same way as that 
of the ordinary dip needle, with the same results. 


RATIO 


READING 


Fig. 2,._READINGS THAT WOULD BE OBTAINED IN A MAGNETIC FIELD OF 75° INCLINATION 
WITH INSTRUMENTS HAVING THE SIGMAS AND RATIOS INDICATED. 

When the needle is horizontal, the Superdip reads 90°. An instrument having 
a 1° sigma and a ratio of 1.01 would give a reading of 105°. If the intensity of the 
field were to increase 1 per cent, the ratio would become approximately 1.02, and the 
reading would be 124°. Thus the slope of the curve shows the sensitivity to changes in 
intensity. If the inclination of the earth’s magnetic field increased 0.5° the sigma 
would become 0.5°, and the reading would be 141°. Thus, the distance between 
curves shows the sensitivity to changes in inclination. For instruments reading 
below 75°, an increase in the inclination tends to lower the reading. The figure shows 
that instruments reading about 75° are most sensitive to changes in intensity, and 
are only slightly affected by changes in inclination. In this position, the needle is 


about perpendicular to the earth’s field. 


Changing the sigma is, of course, the added adjustment on the 
Superdip. A reduction of the sigma from 15° to 3° has the same mechan- 


to 87°. 
inclination increases as the inclination of the earth’s field increases. 
With the Superdip, one may move from one curve to another at will, and 
thus, as far as the theoretical sensitivity of the instrument is concerned, 
one is independent of both the intensity and inclination of the earth’s 

field. Fig. 2 shows readings that would be obtained with a Superdip i in 
certain fields. From it one may draw the same conclusions regarding 
sensitivity as were made from Fig. 1. 

Corrections to Readings——Superdip readings are corrected for daily 
variations in the earth’s magnetic field, for the effects of temperature 
changes on the instrument, and, where more than one instrument is 
employed, for variations in sensitivity and normal reading. The 
temperature correction is the first one made. Charts supplied with the 
instrument, or constructed from data secured in the field, are used for 
this purpose. 

The effects of daily variations in the earth’s magnetic field are 
determined by checking back periodically on previous stations dur- 
ing the course of a day’s work. This information is then used to 
correct each reading for such changes. Day to day variations are 
determined by checking back on stations where readings were taken on 
previous days. 

Where several instruments are used, the readings are standardized by 
the same method as that used for the ordinary dip needle. 


Compilation and Interpretation of Magnetic Data 


The readings are recorded in figures on a map. This may be supple- 
mented by joining the highest readings of adjacent traverses to indicate 
so-called magnetic “‘lines,” or by profiling the readings along the travy- 
erses, or by contouring them. Where the magnetic field is irregular, 
as is usual, contouring is the best method of obtaining a picture of 
the variations. 

After the magnetic data and all the direct information concerning 
the geologic structures have been plotted, the problem of interpretation 
is usually merely a matter of correlating the two types of information. 
If magnetic lines are found, these can be traced to places where the bed- 
rock structure is determinable from outcrops or explorations. The lines 
then serve to trace the magnetic formation where it is buried, and the 
bends or breaks in the line indicate concealed folds or faults. <A line of 
subnormal attraction can be used similarly, or broad magnetic areas may 
be related to certain formations of uniform permeability. Other infer- 
ences from the magnetic data, which are rarely necessary or conclusive 
in this region, are discussed in the next section of the paper. 
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COMMENTS ON THE PRACTICE 


This section gives the writer’s experience in dealing with certain 
problems involved in the general practice outlined in the preceding section. 


Choice of Magnetic Instrument 


The ordinary dip needle is more convenient and faster than the 
Superdip. Under ideal conditions for traversing, one may run a mile, 
taking 40 readings, in about 114 hr. with the Superdip, and in about 
half the time with an ordinary dip. Where the going is very bad, so that 
the progress of the party is very slow anyway, the difference in speed is 


Fic. 3.—PRoFILES FROM READINGS OF DIP NEEDLE AND SUPERDIP. 
Dotted lines show profiles constructed from readings taken with a common dip 
needle; the full line immediately above each dotted one is the profile of Superdip 
readings taken over the same traverse. The vertical scale is such that one division 
equals 2° on the common dip needle, or 10° on the Superdip, which has a sigma of 3° 


not as great, but the inconvenience of carrying the Superdip with its 
tripod and transit head is much greater. 

Accordingly the ordinary dip needle is preferred wherever the mag- 
netic variations can be satisfactorily determined with it. The choice 
then depends on one’s judgment of what constitutes a satisfactory 
difference in dip readings. This judgment must consider the probable 
error in traverse readings’and the nature of the magnetic variations. 
Data on the first factor are given in the following paragraphs. The 
second factor may be said to introduce a variable factor of safety. For 
example, where the variation is sharp and regular, a difference in readings 
slightly greater than the probable error would be satisfactory. Also, 
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in this case the probable error would be smaller, because one could take 
more precautions. Usually, however, the variations are irregular, and 
often they occur gradually. Asa rule, therefore, the maximum variation 
must be capable of producing a difference in readings that is several times 
the probable error in readings, if one is to obtain more than merely an 
indication of magnetic variations. 

Estimates of the probable error in reading the ordinary dip needle vary 
considerably. Some believe that a dip can be depended on to the 
nearest 0.5°. This is true in the sense that a greater error in readings 
taken at a check station shows that the instrument is in need of recon- 
ditioning. However, 0.5° cannot be considered as therefore the maximum 
error in ordinary traverse readings, because of many apparently insignifi- 
cant but actually important factors that influence traverse readings but 
not those at check stations. The following data give the actual errors 
found on certain traverses. 

Fig. 3 shows profiles constructed from readings taken with an ordinary 
dip needle, and corresponding profiles made from Superdip readings taken 
over the same lines. The Superdip profiles, on the scale of the figure, 
are practically without error. The four upper profiles show errors in the 
dip readings up to 2°, and the four lower ones, errors up to 1°. The 
lower profiles were constructed from more recent data collected by N. H. 
Stearn and the writer, using methods subsequently described by him,? 
and may be considered typical of modern work with dip needles in 
good condition. 

The profiles are also instructive with regard to the factor of safety 
required. The four lower profiles show variations up to 2.5°, with a 
maximum error of about 1°. Yet these variations are not sufficiently 
large to obtain a clear picture of the magnetic field, owing to irregularities 
in the attraction. The Superdip readings, however, are conclusive in 
this regard. In general, the writer believes that at least a 5° variation in 
dip readings should be found if the ordinary dip needle is to prove a satis- 
factory instrument where the attractions are broad or irregular. 


Adjustments of the Ordinary Dip Needle 


The first principle is that of having the instrument read not over 
plus 30° or 40°. Some workers, knowing that the dip needle is most 
sensitive when reading about 0°, adjust it to read about 0° in a normally 
magnetic locality, arguing that the instrument should be adjusted to pick 
up the weak attractions, since the strong ones will be found anyway. 
This is a mistake, however. A weakly magnetic formation near a 
strongly magnetic one is bound to be obscured, and the domination by 
the strongly magnetic structure is only increased if the dip needle is 
greatly influenced by changes of inclination. Further, there is the 


*N. H. Stearn: Trans. A. I. M. E. (1929) 81, 363. 
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fallacy of clouding the inferences from a good magnetic attraction in the 
hope of discovering weak ones. Of course, in large areas, it may be 


~ advisable to use dip needles with different adjustments. Fig. 4 illus- 


trates some of the disadvantages resulting from an unsuitable ratio. 
In a dip needle of perfect construction, the sigma cannot be changed 
without modifying the instrument. However, the grinding of new points 
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Fic. 4.—READINGS OF COMMON DIP NEEDLE. Eacu oF THE FOUR SQUARES SHOWS 
THE SAME AREA, }4 MILE SQUARE. ' ; 
The readings at the upper left were taken with a common dip needle having a 


| high ratio for this area. It was, in fact, adjusted to read 0° in a region of normal 


attraction. As the formation dips north, the magnetic line joining the highest of 
these readings was thought to indicate a local synclinal trough. When the same 
readings are contoured, as shown in the lower left square, the magnetic line emphasizes 
a minor feature of this attraction. The readings at the upper right were taken with a 
common dip needle having a more suitable ratio for this area. The magnetic line 
joining the highest of these readings is practically straight. - When these readings are 
contoured, as in the lower right square, marked longitudinal variations are shown. 
Work in adjacent areas associates the high spots with drag folds in the magnetic 
formation. The illustration also shows that a suitable ratio effects a large saving in 


the number of readings necessary to detail a magnetic line. 

on the pivot often introduces a slight eccentric effect, the presence of 
which may be discovered by rotating the pivot in the needle and observ- 
ing any change in reading so caused. ~A change in the reading shows that 
the needle is slightly unbalanced. By observing the rates at which the 
needle swings for different positions of the pivot, the most sensitive 
setting can be determined because the needle swings most slowly when 
most sensitive. The sensitivity of some instruments can be greatly 
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modified by this method. For example, one dip needle showed a differ- 
ence in readings between two stations that ranged from 3° to 12% a 
The writer’s experience with highly sensitive dip needles has been ; 
generally unsatisfactory. Their slow action makes them difficult to 
read, and they are apt to need frequent reconditioning. As a rule, dip 
needles are adjusted to have a moderately fast action, and those satis- 
factory for field use rarely show more than a 50 per cent difference in 


sensitivity, indicating sigmas between 12° and 18°. 


Adjustments of the Superdip 


Regarding the ratio, the same remarks apply to the Superdip. Occa- 
sionally the importance of the ratio is forgotten, with results that are 
even more unsatisfactory than with the ordinary dip needle. 

Regarding the best sigma to use, opinions vary a good deal. Some 
workers believe that the sigma should be 0.5° to 1°. The writer, however, 
advocates sigmas of 2° to 4° in this region, for reasons given below. 

One could enumerate many factors of importance in the choice of 
the proper sigma. However, the real limiting factor is the relationship 
between the instrumental error and the traverse error, which is an 
integration of several other factors. 

The instrumental error is that found in checking a reading. The 
end point of a swing of the needle can be determined to the nearest half 
degree, giving a probable error of 0.25°. The rate at which the pivot 
is dropped on to the quartz wedges has considerable effect on the limit 
of the first swing. For this reason, the writer has made a practice of 
reading the end points of the first three swings (down, up and down again), 
_ from which the mean reading is calculated. The probable error is thus 
reduced to something less than 0.125°. For convenience, the writer 
records readings in tenths of a degree, and two readings at a check station 
almost invaraibly check within this amount. However, some leeway 
should be allowed for the instrumental error in an ordinary unchecked 
traverse reading. Accordingly this error is estimated at 0.25°, which 
seems a safe maximum. 

The traverse error is one that may occur at an ordinary traverse 
station. It is composed of the instrumental error plus errors due to 
several other causes, of which some of the more important are given below. 
One factor is imperfect correction for daily variations in the magnetic 
field. Again, temperature corrections are also apt to be imperfect because 
the instrument may not be uniformly heated or cooled. Probably the 
most important factor, however, is the presence of local interference, or 
magnetic bodies near the instrument, which have no relation to bedrock 
structure. One soon learns to avoid obvious causes of local interference, 
such as steel culverts, rails, and wire fences, but it is impossible to avoid 
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such things as buried magnetic boulders in the drift, and it is impractical | 


to check every slight variation in the readings by making other set-ups 


around it. In other words, the ordinary traverse reading is assumed to 


represent the average of all readings 
that might be taken halfway in all 
directions to adjacent stations, and 
this assumption is apt to introduce 
slight errors. 

Fig. 5 gives some data on traverse 
errors. Errors up to about 0.5° are 


indicated, and other data show the 


same general results. 

As the traverse error is more than 
twice the instrumental error, reducing 
the sigma would not give more reliable 
magnetic data, because the traverse 
error would be increased roughly in 
proportion to the increase in the differ- 
ence in readings. In other words, a 5° 
variation in readings accurate to O57 
is just as satisfactory as a 20° variation 
in readings accurate to 2°. However, 
a 5° variation in readings accurate to 
0.5° is better than a 1° variation in 
readings accurateto 0.1°, as far as local 
interference is concerned, but only 
readable within 0.25°. Therefore the 
sigma can be reduced with advantage 
to the point where the traverse error 
definitely exceeds the instrumental 
error. This point corresponds to a 
sigma of 2° to 4° for normal conditions 
in this region. Any further reduction 
only limits the range of the instru- 
ment; that is, the lower the sigma, the 
greater the chance of encountering a 
change of inclination sufficient to 
reduce the sigma to 0° or to reverse its 
sign, or of finding a change of intensity 
sufficient to make the readings too high 
for satisfactory results. On the other 
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Fig. 5.—CoMPARISON OF READINGS 
TAKEN WITH TWO SUPERDIPS HAVING 
THE SAME SIGMA OF 3°, AND APPROXI- 
MATELY THE SAME RATIO. 

Horizontal lines are spaced with a 1° 
interval in readings, and vertical ones 
connect corresponding readings for each 
pair of profiles. Readings were taken 
at ordinary traverse points, and thus 
give a measure of the traverse error. 
Profiles constructed from the observa- 
tions with one instrument are separated 
from those with the other by an aver- 
age of 1°. If each profile were super- 
imposed upon its mate as closely as 
possible, there would be an average 
difference of 0.2°, and a maximum of 
0.6°. The sameaverage and maximum 
errors are indicated by comparing the 
difference between adjacent readings on 
one profile with the difference between 
corresponding readings on the other. 


hand, using a Superdip with a sigma of more than 4° is rarely advisable, as 
a magnetic variation beyond the range of such an instrument could be 


traced with an ordinary dip needle. 
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Interpretation of Magnetic Data 


rx] 


The interpretation of dip-needle data depends largely upon the use of 
empirical relations established separately for each area, as briefly out- 
lined in the preceding section. Probably the opinion of many geo- 
physicists will be that this type of interpretation neglects valuable 
physical principles that could be usefully employed. The following 
paragraphs attempt an explanation of this seeming neglect by showing 


that certain features of the magnetic data and geologic structures in the 


region make empirical methods generally adequate from a practical 
geologic viewpoint. Of course, physical theory is used to a certain degree, 
and the discussion below also indicates the limits determined by experi- 
ence in this district. 

In general, the character of a magnetic variation depends on the posi- 
tion, shape, size, attitude and permeability of the structure causing it. 
Also, the dip-needle readings produced by this variation are dependent 
on the adjustment of the instrument. Of the large number of possible 
magnetic variations, and pictures of these variations obtained from dip 
readings, relatively few are found in actual practice. To give the 
reader some perspective on conditions in this region, a few figures are 
included in the following discussion. The figures are based upon a list of 
the prominent magnetic variations that the writer has encountered. The 
total number is 43. The number of magnetic lines would be much larger, 
as, for example, where the flows of an area yield attractions, this is 
listed as one magnetic variation, even though there are several magnetic 
lines following various flows. 

First, it must be emphasized that dip-needle readings do not give 
separate data on the inclination and intensity of the magnetic field, 
which limits the theoretical inferences possible. As far as possible, 
the instrument is adjusted to make intensity the dominant factor, but 
inclination always enters to some extent, particularly near strong attrac- 
tions. For this reason, the crests of dip-needle profiles usually lie north 
of the buried outcrop of the magnetic structure, the distance varying with 
the adjustment of the dip needle, the depth of the drift cover, and the dip 
of the structure. The amount of this interval is generally determined by 
a comparison of the magnetic and geologic data. Rarely, there may be 
two sets of readings with dip needles adjusted differently, from which 
the intensity and inclination can be calculated, allowing an interpretation 
such as that illustrated in the last example given in the next section. 
Again, one may roughly estimate the intensity and inclination because 
the swing of the needle is slowest where the inclination is highest, and 
fastest where the intensity is greatest. This relation allows one to judge 
somewhat the position of the buried outcrop. Also, when taking readings 
in the field, one may be warned of a near-by attraction, especially when 
using a superdip, and can space the readings more efficiently. 
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The position of the magnetic body with respect to the observer 
depends mostly upon the depth of the drift cover. The factor of position 
can be largely eliminated, however, by ignoring readings on outcrop areas 
for purposes of structural interpretation. No loss is caused by doing this, 
as the local structure in outcrop areas is best determined from the expo- 
sures themselves. In the field, sharply irregular readings are a sign of 
shallow drift cover or local interference. f 

The shape of the magnetic body can be estimated from the shape 
of the area of magnetic variation, and the geologic probabilities. Of the 
variations encountered by the writer, 40 out of 43 represent tabular 
structures. The most valuable service of the magnetic data is that, 
of showing folds or faults in a buried tabular structure by means of. 
bends or breaks in the line of attraction. ; i ve 

The size of the magnetic body is also clearly related to the size of the 
area of magnetic attraction. In this region, uniformly magnetic struc- 
tures with large outcrop areas are rare. In other words, the boundary 
between two series is followed magnetically by the presence of a line of 
attraction in one of them, rather than by a step-up in the level of the 
readings from one to the other. 

The attitude, or strike and dip, of a magnetic body is reflected by the 
direction of the magnetic lines and the symmetry of the magnetic profiles. 
The relation between symmetry and dip is that a profile has a gentler 
slope on the side toward which the structure dips. However, this rule is 
not without exceptions. The magnetic structures usually dip steeply 
and are irregularly magnetic, which makes the profile roughly sym- 
metrical with either side locally steeper. Also the adjustment of the 
instrument is a factor in the symmetry of profiles constructed from dip- 
needle readings. For these reasons, the dip is usually estimated from 
geologic data. go 

Generalizations relating permeability to type of rock are of little use in 
this region, as the following paragraphs will show. Of the 43 magnetic 
variations encountered by the writer, 17 are due to iron formations, 13 to 
other sedimentary rocks, 7 to volcanic series, and 6 to intrusives. 

Iron formations are a prolific source of magnetic variations. The 
unoxidized type, or cherty carbonate, may contain magnetite either 
uniformly distributed, yielding fairly regular attractions, or spotty, 
causing a series of small local variations. Ferruginous cherts, which are 
dominantly hematite, limonite and chert, may or may not yield appreci- 
ableeffects. In three localities the writer has observed slightly subnormal 
readings over this type of rock. Specular iron formations are generally 
magnetic, as specular hematite always has some magnetite with it. The 
magnetite-grunerite type of iron formation is highly magnetic. This is 
one case where the permeability is distinctive, as no other type of rock is 


quite as magnetic. 
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Other sedimentary rocks are also frequent sources of sicaentees 
Often, the crests and troughs of the steeply pitching folds are more _ 
magnetic than the limbs, giving the magnetic contours the aspect of a — 
series of crescentic hills. Most of the important attractions are positive. 
In two localities, however, the writer has found zones of subnompal 
attraction which marked sedimentary beds. 

Flows rank next in importance. Probably the commonest cause is 
the presence of secondary magnetite in the upper part of the flows. 
q Thin beds of tuff, slate, or iron formation cause magnetic attractions in 
some areas where the bedrock is dominantly volcanic, and such examples 
are included in the seven cases listed under this origin. The Keweenawan 
series produces many magnetic lines due to primary magnetite segregated 
in the flows or concentrated in certain so-called doleritic or pegma- 
titic streaks. 

The writer has met only one strongly magnetic intrusive, a small 
body of gabbro. In two places the contacts of sills yield small positive 
attractions. This does not include, however, cases where beds become 
more magnetic near intrusives, as, in such cases, the general attraction 
follows the bed rather than the contact. In three localities, basic dikes 
and sills are marked by subnormal attractions. 

Finally, it may be noted that fault zones, in addition to causing offsets 
in magnetic lines, often yield subnormal readings. Occasionally, how- 
ever, there is an unusually high attraction along a fault. 


4 
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EXAMPLES OF THE PRACTICE 
Example A 


Fig. 6 gives the magnetic and geologic data for a small area. The 
figures represent readings taken with an ordinary dip needle. Only 
two outcrops were found. They are situated west of the center of the 
area, and consist of ferruginous slate. In this area, strikes and dips shown 
by small outcrops are not very useful, however, as the beds have been 
crumpled in the very irregular fashion characteristic of a thick incom- 
petent series. 

The small arrows show the direction in which the traverse lines were 
run, illustrating a method that has proved useful where the attractions 
are irregular. After crossing the attraction, one offsets a distance equal 
to about one-third the distance between the main traverse lines, and runs 
back across the attraction. Then one offsets to the other side and runs 
across the attraction a third time, ending opposite the joint where the 
main traverse line was first left. One is then ready to continue the main 
traverse with a minimum of pacing error and a large number of readings 
along the attraction. 

A zero contour is shown surrounding the high readings. Other 
contours could be drawn, but are hardly needed. This attraction is 
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Bo 
rather exceptional in its sharpness and continuity. The sudden changes 
in the readings indicate a shallow drift cover, which actually is about 
30 ft. thick. The subnormal readings near the high ones and the strong 
attractions at bends in the magnetic line are typical features. 
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Fic. 7.SUPERDIP READINGS. EacH SMALL SQUARE REPRESENTS 140, OR AN AREA 
1% MILE SQUARE. THE TOP OF THE FIGURE IS NORTH. 


From the general geology of the district it is known that the forma- 
tions consist of greywacke and slate overlying iron formation with 
a north-south strike and westward dip, and that magnetic lines are fairly 
common in the hanging-wall slate. Therefore the magnetic line in this 
figure is assumed to follow a bed in the hanging slate. The bends in the 
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line then show two drag folds pitching northwest. There is no marked a 
asymmetry in the magnetic profile, so we may, as a first approximation, — 
assume that the axial planes of the drag folds are vertical and that 
the pitch is steep, say 45° to 60°. In this connection, little help is 
obtained from structures known in adjacent areas, as a drag fold to the 
north is shown by mining operations to pitch about 45° northwest, and a 
drilling exploration to the south shows a flat roll in the iron formation. 
From the above, one might predict that a section from east to west across 
the iron formation would show a small syncline and anticline succeeded 
by a larger and deeper syncline before the formation finally turned 
downward to the west. The position of the crests and troughs and an 
estimate of the apparent dips could also be made. This was done, and 
the results accord fairly closely with information from a line of drill 
holes subsequently put down. 


Example B 


Fig. 7 shows an area of about 8 square miles. The readings were 
taken with a Superdip having a sigma of 3°, and are referred to a normal 
of 65° on this instrument. 

No outcrops were found. However, it is known from regional geologic 
information that a voleanic series with a general anticlinal structure 
underlies the area. The magnetic contours therefore suggest the presence 
of a magnetic member of the series in the form of an anticline, which 
pitches gently westward in the western part of the area, where it is 
buried deeply enough to yield a single broad crest, and pitches rather 
steeply eastward in the eastern part, where its uppermost portion has been 
eroded to yield a magnetic line in the form of a discontinuous loop. (The 
discontinuity is assumed to be due to local irregularities in the distribution 
of the magnetite, which may not be present to the west, or may have their 
effects merged by depth of burial). In general, the contours are more 
closely spaced on the north than on the south side of the attraction, which 
suggests that the axial plane of the anticline is inclined southward. 

Geologic information to check definitely this inferred structure 
is not available. However, what is known of adjacent areas is in general 
accord with the inferred structure. About 3 miles to the south, explora- 
tions and mines show an iron formation in the form of a fold of which the 
axial plane strikes east-west and is inclined southward. To the north- 
west, several outcrops of a voleanic member in the overlying slate and 
greywacke series lie in a line parallel to the zone of attraction. In this 
case, the usefulness of the magnetic data is that of indicating a structural 
pattern for the correlation of scattered bits of geologic data. 

Incidentally, it may be noted that the magnetic variation is not 
large enough to be determined satisfactorily with the ordinary dip needle, 
because many of the significant changes cause differences of only 0.5 to 1° 
in readings taken with the ordinary dip needle. 


Cc. 0. SWANSON 


Example C 


’ Fig. 8 gives the magnetic data over an area of 7 square miles on the 
south limb of the Marquette range. The full contour lines show the 
readings of an ordinary dip needle adjusted to read 5° in a normally 
magnetic area. The dashed contour lines show readings of a dip needle 
adjusted to read —32.5° in a normally magnetic area. 
Fig. 9 shows the outcrops found in the same area, and the formation 
boundaries decided on after an analysis of the geologic and magnetic data. 
In general, the magnetic data show two lines of attraction. The 
northern one follows the center lines of sections 18, 14 and 15, and then 
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Fic. 8.—READINGS TAKEN WITH AN ORDINARY DIP NEEDLE. EacH SMALL SQUARE 
REPRESENTS Vo, BOUNDED BY NORTH-SOUTH AND EAST-WEST LINES, THE LATTER 


RUNNING ACROSS THE DIAGRAM. 


EY 


swings sharply southwestward through section 16. Along this line, out- 
crops are found in section 16, and some test pits expose the bedrock in 
section 14.. The rock is an impure sandy and slaty iron formation, called 
the Greenwood member.” The southern line of attraction occurs along 
the north side of sections 24 and 23, and ends in section 22. It follows the 
Negaunee iron formation, which here is a magnetite-grunerite rock, as 
shown by drilling in section 23, and outcrops east of this area. As this 
attraction is very strong, it was also traced with a dip needle more heavily 
counterweighted than usual, giving the readings shown by the dashed con- 
tour lines. 

Geologic knowledge of the Marquette range as a whole yields the 
following pertinent facts. This area is on the south limb of the Marquette 
syncline. The sedimentary succession consists of Goodrich quartzite and 
Michigamme slate of upper Huronian age, resting unconformably upon 
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the Negaunee iron formation and Ajibik slate and quartzite of middle 


Huronian age. Beneath the Huronian, in a purely geometric sense, is 


- granite, which is partly stratigraphically below, forming an older base- 


ment, and is partly intrusive into the Huronian. Basic intrusives cutting 
the Huronian series are common. 

_ The regional geologic information, the local outcrops, and the mag- 
netic data enable one to place the boundaries of the sedimentary forma- 
tions by the simple process of drawing the contacts so that they are 
parallel to the magnetic lines, one in the upper Huronian and one in the 
middle Huronian, and so that equivalent outcrops lie in the same member. 
Thus the upper Huronian is locally divided into the Goodrich, Green- 
wood, Clarksburg and Michigamme members, and the middle Huronian 
into the Negaunee iron formation and the Ajibik slate and quartzite. 

Regarding the intrusive contacts, it is apparent that little help is 
obtained from the dip-needle readings in this area. 

The boundary of the southern granite mass can be determined 
from outcrops in the western part of the area, but in the eastern part 
this basis allows too much latitude. As the granite on the Marquette 
range generally occupies the position one would expect of a basement 
granite, this generalization is used in the eastern part of the area. That 
is, the contact is drawn parallel to the boundaries of adjacent sedi- 
mentary formations. : 

The boundaries of the ophite in the western part of the area are 
defined pretty closely by outcrops. It may be noted that a weak line of 
attraction follows the southern contact of the mass of ophite along the 
north side of section 21. 

Outcrops of ophite in the eastern part are scattered. The contacts 
shown are more or less speculative, and based on the following relations. 
In section 16, the attraction along the Greenwood member is frequently 
highest near outcrops of ophite. Also, high readings occur where the 
beds are sharply folded. Drag folds are common on the limbs of the 
Marquette syncline, and, on the south limb of a syncline pitching west- 
ward, as is the case here, the drag folds should pitch north of . west. 
Dikes frequently follow the axial planes of drag folds, or small faults 
associated with them, in this district. The ophite outcrops can be 
joined along lines trending west-northwest, and also lines parallel to 
these can be drawn to join high spots on the Greenwood attraction with 
high spots on the Negaunee attraction. All these relations make it 
reasonable to show the ophite in the eastern part of the area as dikes 
striking west-northwest. 

In this area, two sets of dip-needle readings are available along the 
southern magnetic line, which permits a calculation of the inclination 
and intensity of the earth’s field. This allows certain further deductions 


to be made, as follows: 
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One dip needle, whose readings are shown by the full contours, may — : 


be called dip I, and the other, dip II. 


Let M be the maximum gravitative 


moment of dip I. For any reading, R°, the gravitative moment is then 


M cos R°. 


(/ 
AS 


Fic. 10.—UprEr PART GIVES TWO SETS 
OF DIP-NEEDLE READINGS ALONG LINE FROM 
A To F; Also INTENSITIES CALCULATED 


FROM THESE READINGS. LOWER PART Is 
VERTICAL SECTION. 

Each heavy line ending with an arrow- 
head represents the magnetic anomaly ata 
station. The drill hole gives depth of 
glacial drift and position of Negaunee 
iron formation, which lies between Good- 
rich and Ajibik quartzites. 


Let F be the maximum magnetic moment, which is effective 


when the needle reads (90° — I°), 
where I° is the inclination of the 
earth’s field. F is, of course, pro- 
portional to the intensity of the 
earth’s field for a given needle. 
For any reading, R°, the magnetic 
moment is then F cos (90° — I° 
+ R°). Now, dip I reads plus 5° 
in a normal field, whose inclination 
in this region is 75°. Therefore, 
M cos 5° =F cos 20°; whence, 
F =1.06 M. Dip II reads minus 


47 32.5° in the same field. Let X 


be the maximum gravitative mo- 
ment of dip II. Then, X cos 
32.5° = 1.06 M cos 17.5°; whence, 
Asieh 20M 

Suppose two readings are taken 
near a magnetic body, where the 
inclination and intensity are un- 
known. Let the reading on dip 
I be plus 60°, and that on dip II, 
plus 14°. Then we may write: 


M cos 60° = F cos (90° — I° + 60°), 
and, 1.2 M cos 14° 
F cos (90° — I° + 14°). 


From these two equations I can be 
calculated in degrees and F in terms 
of M. Table 1. and Fig. 10 show the 
results obtained for stations A to F. 


Station A is 200 paces (149 mile) north and 700 paces west of the northeast 
corner of section 23, and station F is 1000 paces south of station A. 
The declination along this line ranged from 3° to 7° east, which permits 


plotting the results directly on a north-south plane. 


The magnetic 


anomalies at the stations are shown in Table 2 and Fig. 10. 
On Fig. 10, the lines showing the local anomalies at stations B, C, D 


and E converge nearly at one point, marked with a circle. 


The pro- 


portional strengths of the anomalies also agree fairly well with those 


calculated for this center of attraction. 


The anomalies at stations A and 
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TaBie 1.—Readings for Stations A to F 


Readings, Deg. Calculated 
Station ——_. om 
Dip I | Dip II Inclination Intensity (F) 
A 53 | —7 83 15 1.19 M 
B 60 14 83 45 1.24 M 
Cc 60 31 82 10 1.33 M 
D 52 28 78 50 1.37 M 
E 37 11 74 30 1.31 M 
F 23 — 3 70 30 1.25 M 


TaBLE 2.—Magnetic Anomalies 


EE ee 


Components Anomalies 

North-south Vertical North-south Vertical 
Wormial field... ty == 0.274 north 1.024 0 0 
SE AGLOM Ne ce ae cu Sites 0.134 north TeglbyA 0.140 south 0.158 
ration Do . ee <4. oy. 0.135 north 1.2383 0.139 south 0.209 
SEation: Gupne eo ka-leuc'e ss 0.181 north The Sas) 0.093 south 0.294 
SUK (Gs Ue BEA ode eet 0.265 north 1.344 0.009 south 0.320 
Station: Liat. dere. cacs-. 4 0.350 north 1.262 0.076 north 0.238 
SeaATIOW. Bia cite e 45 0.417 north Ties 0.143 north 0.154 


ae Se 
F, however, indicate a center of attraction that is to the north and not 
as deep. 

It may be assumed that the center of attraction lies in the Negaunee 
iron formation. By estimating the dip from geologic data, one could 
determine the position of the buried outcrop. In this case, however, a 
drill hole shows the position of the iron formation near the surface, which 
permits a determination of the dip. Also the depth of the drift cover 
gives the body the effect of being uniformly magnetic, and it can be con- 
sidered as a series of bar magnets lying side by side and extending down 
the dip. As the poles of a bar magnet are usually about one-tenth of 
the length of the bar from either end, and as one pole is here 4 mile 
below the outcrop, one may infer that the iron formation continues with 
the same character about 244 miles down the dip. In geologic terms, 
the inference is that the Goodrich unconformity, which truncates the 
iron formation about 34 mile to the west along the strike, does not do so 
for at least 2 miles down the dip, nor does the iron formation become 
nonmagnetic within this distance. Parenthetically, it may be noted 
that the iron formation outcrops on the north limb of the Marquette 
syncline about 3 miles away, where it dips steeply southward, is composed 
of ferruginous chert, and causes little or no magnetic variation. 
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DISCUSSION: ~-4, 4A54T con conceal 
(Sherwin F. Kelly presiding) - 


S. Roycgr,* Crystal Falls, Mich.—We have done a certain amount of this same 
work in scattered areas. We found that the 2° to 4° sigma on the Superdip would not | 
display the type of things that we had to trace in order to map buried folded iron’ 
formations that had weak bands of magnetic attraction, especially in the oxidized 
areas. We used a sigma minimum of 0.5° and averaged 1°, and with that we were 
able to trace formations that were far too weak in magnetic aeration to see anything 

> with a 2° to 4° sigma. 
For instance, the formation mapped as a drag fold in Mr. Swanson’s paper is a 
| strong but discontinuous zone of magnetic attraction on the hanging side of the iron 
formation, and is very satisfactorily traced, where present, with 4° sigma if depth of 
cover is not over 150 ft. With a sigma of 0.5° to 1° it has been found possible to 
trace the details of an anticlinal structure in oxidized iron formation with up to 200 ft. 
of cover; to determine and trace around the anticline the most highly oxidized (least 
magnetic) horizon; and by locating drill holes on this to develop an orebody. The 
strong hanging-wall magnetic, which could be followed by a 4° sigma, was present only 
in discontinuous occurrences insufficient to trace the structure. A sigma of more 
than 1° failed satisfactorily to trace the weak magnetics present or to give any clue 
to the most highly oxidized portions of the iron formation, which are of course the a 
best chances for exploration. i 
L 


1. [oe 


Where there are strong and consistent magnetic bands clearly related to the 
formation sought, the larger sigma is of course most satisfactory. But where this is 
not the case the finer sensitivity obtained by a smaller sigma makes possible the 
tracing of weak magnetics, which in iron formation are often more persistent than 
the stronger ones. Also, with a small sigma the character of the magnetic profile 
shows much as to the condition and type of the iron formation, which facilitates 
selection of favorable horizons or areas, and higher sensitivities more readily reflect 
changes of rock other than iron formation, such as clay slates, carbonate slates, * 
limestones, granites, igneous intrusions, etc. 

The chief objection to high sensitivity is the magnification of “‘accidental’’ local | 

attractions such as boulders, culverts, fences, wires, pipes, ete. Except in settled 
areas such as villages, mine locations, towns, etc., where we have found magnetic 
work of little value, these “accidentals” are nearly all avoidable except boulders. 
The latter make comparatively little trouble in most areas we have surveyed, and 
where present are usually readily eliminated because of their sporadic and irregular 
occurrence. In one instance a buried boulder train caused a little difficulty for a 
short distance, but finally was diagnosed correctly by detail work which traced it to 
its outcrop. 


J. Fisner,t Houghton, Mich.—We use occasionally a 1° to 1.5° sigma, but the 
various local attractions found are of very little importance as far as we are concerned. 
The small sigma, of course, gives the higher sensitivity and, therefore, picks up all 
the local attractions. 


* Pickands, Mather & Co. 


+ Head, Department of Mathematics and Physics, Michigan College of Mining 
and Technology. 


Magnetic Measurements on Auriferous Veins in Brazil* 


By Marx C. Marampuy,t Rio pg JANEIRO, BRAZIL 


(New York Meeting, February, 1934) 


Durine colonial times, Brazil was famous for the richness of her 
alluvial gold deposits. Paul Ferrand has estimated that the gold 
produced during the period from 1700 to 1820 was the equivalent of some 
64 million pounds sterling. Since that time, most of the more prolific 
alluvial deposits have been exhausted. A few gold mines are still func- 
tioning, notably the Morro Velho mine, which is one of the deepest 
mines in the world. 

Today, the gold production of Brazil is insignificant when compared 
with world figures, but there are still many gold-bearing regions and it is 
probable that in at least some of them profitable returns would result 
from an exploitation program taking advantage of all the most modern 
innovations in gold mining and ore treatment on a large scale. 

In order to demonstrate the value of some of these abandoned pros- 
pects and stir up interest in increasing the national gold production, 
the government has stimulated research. Experimental plants have 
been and are being established in various places, and tests on large 
quantities of ores are being carried out on a semicommercial basis. The 
Geological Survey of the State of Minas Geraes is very active in this 
line and the Federal Institution is also showing an increased interest in 
the matter. 

One of the lesser known gold-bearing regions of Brazil is in the vicinity 
of Lavras, in the State of Rio Grande do Sul. Gold was first reported 
from this region in the early part of the nineteenth century. In 1811, 
D. Joao VI sent an experienced prospector from Minas Geraes to investi- 
gate the validity of the reports. According to the reports of Baron 
Eschwege, he succeeded in extracting some 30,000 Octavos (about 105 kg.) 
during the first few years, but the production costs exceeded the value of 


the gold obtained. 


Manuscript received at the office of the Institute Dec. 14, 1933. 

* This paper is a résumé of a part of a more complete report on geophysical pros- 
pecting in Rio Grande do Sul, which is to be published as a Bulletin of the Departa- 
mento de Producgéo Mineral. 

Published by permission of the Director, Departamento de Produgaéo Mineral 
of Brazil. 

+ Consulting Geophysicist, Diretoria de Minas, Departamento de Produg¢ao 
Mineral, Ministerio de Agricultura. 
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Eugene Hussak, in an unpublished manuscript, reports that in 1854-55 

the gold produced in this region amounted to some 40,000 oitavos, or 

approximately 140 kg. This production apparently was due mainly to 
the activities of the English company operating under the name of Rio 

Grande do Sul Gold Mining Co. A few years later this company aban- 

doned its work and today we find only a few old shafts and galleries to 


mark the site of its activities. Some years later a Belgian company 


ESTADO 
DE 


SANTA CATARINA 


<i Fea Sheela: 
| 1 


Permian 


Tréasséec 


Fria. 1.—Skutcu MAP oF Stare or Rro GRANDE DO SUL, SHOWING REGIONAL GEOLOGY 
AND LOCATION OF LAVRAS AND SAO JERONYMO AREAS. 

The “shield area’’ is composed of granites, gneiss and old metamorphic schists, 
sometimes covered with thin sediments in isolated patches. 
attempted to exploit the region but also failed. Today, a few abandoned 
buildings and rusty obsolete machinery are left to bear mute testimony to 
the hopes that failed to materialize. 

A few years ago the engineers of the Brazilian Geological Survey made 

a rapid study of the region and treated some few tons of selected ores 
with rather encouraging results. On the basis of their findings, the Com- 
panhia Estrada de Ferro e Minas Sao Jeronymo was induced to make 
a more detailed study of the area, and this work is now in progress. 
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In May, 1932, the writer was requested to study the possibility of 
applying the geophysical methods to this problem with the hope of 
reducing the exploration costs. In this paper we will give a few 
details on the work done there and the results obtained. The problem 
is difficult, undoubtedly, and our results were not particularly 
brilliant. However, it is believed that our data represent another 
advance in the application of the magnetic method of prospecting. In 
presenting these data, we wish to give others the opportunity to profit 
by the experience we have gained, and perhaps stimulate the trial of 
geophysics, even though conditions appear to be unfavorable to its 
successful application. 


GEOGRAPHY AND GENERAL GEOLOGY 


The Lavras area is in the central part of the State of Rio Grande do Su 
Figs. 1 and 2). The approximate geographical coordinates of the town 
are: latitude 30° 48.5’ S., longitude 53° 54.4’ W. of Greenwich. It is 
reached by rail from Porto Alegre via Santa Maria, and from the city of 
Rio Grande do Sul via Bagé. The railroad does not actually pass through 
the town of Lavras, the nearest station being at a distance of some 
40 kilometers. : 

Lavrasis within the granitic area that Paulino F. de Carvalho describes 
as the Escudo riograndense or Rio Grande shield area. It is a typically 
granitic region with low rounded hills and V-shaped valleys. The humid 
climate and large seasonal temperature variation are conducive to rela- 
tively rapid decomposition and the decomposed zone of the rocks fre- 
quently extends to depths of 10 meters or more. 

The auriferous formations are pegmatite veins or dikes with a con- 


siderable percentage of quartz, either in veins or in small masses. These - 


veins or fildes usually outcrop along the crests of the hills, sometimes along 
the flanks, and occasionally in the beds of the streams in the valleys. 
They vary in width from a few centimeters to sometimes more than a 
meter. Not only is there considerable variation between similar veins, 
but any given vein may also vary in thickness, composition and direction 
within a short distance. 

Although the individual veins, or dikes, may branch out, converge, 
wind in a sinuous form, sometimes wide and sometimes narrow, and 
disappear only to appear again at some distance, when taken as a group 
they are fairly regular. 

We find two systems of veins, one oriented approximately N. 60° W. 
and the other N. 50° E. These directions correspond with the lines 
of major fracturing in the granitic mass and the first system is more 
important than the latter in that generally it produces longer and 
wider veins. 


ka 
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Although the region is predominantly granitic, we also find ieniciiel S 
of eruptive rocks such as andesites, trachy-andesites, and melaphyres 
with some voleanic breccia and tuffs. These rocks are sometimes meta- — 
morphosed and mineralized, generally with copper. 

A short distance to the east of Lavras there is a zone in rs tha 
andesitic rocks predominate. Gold-bearing veins also occur in this region. 
They are principally quartz and are very small and irregular, although 
somewhat richer than the pegmatite veins of the granitic area. 

The granite of the Lavras region is somewhat variable. It is por- 
phyroidal with a considerable percentage of hornblende and a relatively 
low percentage of magnetite and ilmenite. Its grain size varies from 
medium to coarse and its color from pinkish gray to grayish pink. 
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Fic. 2.—SKrtcH or LAvVRAS AREA, SHOWING OUTCROPPING VEINS AND VEINS UNDER 

Small numbers indicate veins for vihioh madhaiie curves are given. The granite- 
andesite contact is shown and the roads along which magnetic profiles were made. 

The pegmatite dikes or veins are very irregular, not only in composi- 
tion and form but also in the amount of mineralization. The mineraliza- 
tion consists chiefly of pyrites deposited along the contacts between the 
pegmatite, the quartz, and the granite. Chalcopyrites and galena are 
also found but less commonly. The feldspar of the pegmatite frequently 
is altered to Pinguite and free gold is found usually in the decomposed. 
parts of the veins in the form of tiny flakes. 

Treatment of some tens of tons of selected ore by the engineers of the 
Geological Survey showed values ranging from 8 to 22 grams of free 
amalgamable gold per ton. Analysis of hand samples showed values 
equivalent to from 2 to 140 grams per ton. The average value of the 
vein rock is much less than that indicated by these figures. It is a low- 
grade ore, and profitable exploitation would depend on large-scale 
operations with low operating costs and maximum extracting efficiency. 
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A plant for such work would require the outlay of considerable capital, 


__ which would be justified only if the existence were known of sufficient 
ore to give a profitable return proportional to the risks. 


The Sao Jeronymo company has begun a study of the area by 
means of galleries and trenches, which will enable them to take 
representative samples from a large number of the veins and the analysis 
of this material will give data for the calculation of the average value 
of the ore in sight. 

The geophysical work that will be discussed here was intended to show 
whether the continuation of veins not visible on the surface could be 
traced without the necessity of trenching and tunneling. 


APPLICATION OF GEOPHYSICAL METHODS 


The physical differences between the country rock and the vein mate- 
rial were not sufficient to enable any geophysical method to give unques- 
tionable results. The mineral content of the veins was too low and too 
disseminated for the application of electrical methods, and the low 
magnetite content of the granite was against the use of the magnetic 
method. However, since the application of the latter method represented 
only a small expenditure, it was decided to give it a trial. 

The instruments used were the familiar Schmidt-Lloyd vertical 

magnetic field balance manufactured by Askania Werke of Berlin. The 
instrument was adjusted for a sensitivity of slightly less than 30 gammas 
per scale division and to read in the center of the scale for the normal 
vertical intensity of the area, —11,000y approx. Careful tests at a base 
station showed that the zero reading did not change appreciably during 
the entire three months of field work, and repeated calibrations by means 
of a Helmholtz coil showed that the sensitivity remained constant during © 
the entire period. 
Stations were taken along straight lines perpendicular to the veins, 
at intervals of from 2.5 to 10 meters. A secondary base was established 
on every line and readings were repeated at this station every 15 to 
25 min. After correction for temperature, the readings at this base 
station were plotted as a function of time and the resulting graph was 
used for the diurnal variation and base corrections. In general, two to 
three observations were taken between repetitions of the base, and since 
the instrument was never returned to the case during the day’s work, 
the temperature gradient was more or less constant. Any important 
errors in the temperature correction were automatically eliminated in 
the base-station curve. Repetitions of various stations indicated that 
the results in general were accurate within experimental error; i. e., 
within 3 to 5 gammas. 

Veins were selected on which excavational work was in progress and 
the first line always crossed a known portion of the vein. Later lines 
were run parallel in areas where there were no visible outcrops. The data 
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checking the interpretations. d:; hidow a nihw 
An attempt was also made to use the method i the detection of 


unknown veins, but the complexity of the vein system and the variations _ 
in the granite made the interpretation of these data very doubtful. a 


Resuutts oF INVESTIGATIONS 


It is impossible to give here the results of all the observations made in 
this extended period, therefore we will restrict the description to a few 
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Fic. 3.—MAGNETIC PROFILES OVER VEIN 1. — ’ 
Note effects of increased thickness of cover and division of main vein. 


of the more characteristic veins. In general, the pegmatite veins gave 
negative anomalies; i. e., decrease in normal negative vertical intensity. 
Sometimes these anomalies were of moderate magnitudes but generally 
they were so small that they could be detected only by the most care- 
ful measurements. 


Vein No. 1 


Fig. 3 shows the magnetic profiles obtained over the vein desig- 
nated as No. 1 by the Sao Jeronymo company. Line A was taken near 
the outcrop of the vein, which is moderately wide and shows a definite 
anomaly of some 50 gammas. The center of the anomaly is directly 
over the vein. Passing to line B, some distance away from the out- 
crop, we find that the anomaly is less regular and the minimum shifts 
slightly to the right. Passing to line C, at a still greater distance, we 
find that the minimum has now definitely divided into two and perhaps 
three minima, and the shift to the right of one of them is still more 


were interpreted and the results of subsequent excavations aaa ok / 
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pronounced. Subsequent excavations actually indicated that the vein 
curves to the right and later divides into two moderate sized veins, 
with possibly a third smaller one following the direction of the outcrop. 
This fact is entirely in accord with the 
magnetic data. 


ed inpohe eee arb Boe 
i bt idwabes [leh hdipeds ib eke] 
Veins 2 and 3 | 


Fig. 4 shows the results obtained HPA EAHA 

over two approximately parallel veins. Re ee le Ra 

There is a small negative anomaly | i [| | [| [| [TU 
RT ie a 


directly over vein 2, and a larger indefi- 
nite anomaly over No. 3. As we +20 
pass to line B, we find that the 
anomaly over No. 3 has shifted consid- 
erably to the left while that at No. 2 has 
apparently divided into two anomalies. 
In analyzing these data we suggested 
that other veins that did not outcrop 
might exist, and that vein 3 had been 
dislocated to the left. The large nega- 
tive anomaly shown in dotted lines in A 
was purely local, as it disappeared in a 
repeated station at about 2 m. distance, 
slightly out of the line. Examination een ek 
of the area and subsequent excava- pyg 4.—-MaGNETIC PROFILES OVER 
tional work showed that vein 2 was ‘VEINS 2 AND 3. 

really two veins close together while 4, oa eee ays a CE 
vein 3 was lost in the tunnel. By fol- 

lowing a small stringer, it was found once more at a distance of some 8 
to 10 m. to the left. The occurrence of a similar dislocation of vein 2 
was also found, outside the point at which the gallery entered into the 
vein proper. Thus, although the data here are not so clear as in the 
other case, there is still a marked concordance between the magnetic data 
and actual subsurface conditions. 


Vein No. 6 


In this locality there exists a thick pegmatite dike mineralized along 
its contacts. Several outcrops are found but they are quite irregular. 
Some ten magnetic profiles were determined in this area, of which the 
intensity curves are shown in Fig. 5. The curves are quite irregular and 
the writer was somewhat skeptical about their interpretation. However, 
the various anomalies were finally connected in the manner shown and 
were supposed to indicate a family of veins. In order to test the validity 
of this interpretation, an extension of the trenches was requested, with the 
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results shown in Fig. 6. At least five decomposed remains of veins ' 
found a short distance below the surface of the alluvium, and in the 
approximate positions that had been indicated by the magnetic a. 
The writer does not presume that these veins actually follow the lines — 
indicated on the sketch, and it is quite probable that some of these _ 
anomalies represent merely changes in the composition of the granite or 
the thickness of the alluvium. The area also contains moderate amounts 
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Fig. 5.—MAGNETIC PROFILES OVER VEIN 6. 
Dotted lines represent correlation of anomalies. Hatched areas represent out- 
crops of veins and veins discovered by posterior excavations. 


of placer gold and similar deposits of magnetic sands might influence the 
distribution of the magnetic intensity. However, the fact that several 
new veins were discovered on the basis of the magnetometric investiga- 
tions indicates that the interpretation is not entirely in error. 


The Dourado Extra 


This region is interesting because of the complex network of quartz 
veins rather than because of its gold-bearing quality. It is almost on the 
border of the andesite region but still within granite rocks. Several 
parallel profiles were observed, with the results shown in Fig. 7. The 
anomalies here are very irregular and small in magnitude. An attempt 
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_ was made to connect the trend of the anomalies as had been done in the 
last example, but it was unsuccessful. Apparently there is no relation 
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F Fic. 6.—PLAN AND SECTION OF VEIN 6. .* 
Veins discovered in trenching subsequent to magnetic survey are indicated. 
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Fig. 7.—MAGNETIC PROFILE OVER Dourapvo EXTRA. 


between the anomalies and the quartz veins, nor should any be expected. 
It is more probable that these anomalies represent changes in the charac- 
ter of the granite and possibly lines of fractures. 
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The Granite-andesite Contact = nate a 


It was not considered worth while to attempt to study the veins in 
the andesite region. Their great number and very small size made the 
method entirely inadequate, even had they possessed appreciable differ- 
ences in their magnetic properties. However, an attempt was made to 
outline the contact between the andesite and granite rocks. Two lines 
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Fic. 8.—MAGNETIC PROFILE ALONG Lavras-CACAPAVA ROAD OVER GRANITE-ANDESITE 
CONTACT, 


were run across the supposed position of the contact. Although certain 
samples of the andesite were pronouncedly magnetic, the anomalies 
obtained were not as large as was expected. On the road to Cagapava, 
several large anomalies were obtained over outcrops of andesite, and the 
general level of the curve was somewhat higher in the andesite region. 
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Fia. hore PROFILE ALONG Turns vaees ALEGRE ROAD OVER GRANITE- 
ANDESITE CONTACT. 


On the other line along the road to Vista Alegre, similar although less 
pronounced differences were obtained. From these data we might 
presume that the andesite is fragmental and not a massive intrusion. 
The magnetic curves for these two lines are shown in Figs. 8 and 9. 
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. 
: VALUE oF MaGnetic METHOD 


From the results obtained in this experimental investigation, we may 
draw the following conclusions: 

1. The magnetic method cannot be used for reconnaissance work in 
the discovery of auriferous veins of this type. 

2. When used as adetailed method for the study of the continuation of 
veins that disappear under alluvial covering, fair results may be expected. 

3. The data obtained in such detailed work would be of exceptional 
value in directing the excavational work of prospecting, in that it would 
eliminate many useless trenches and galleries and indicate the more 

. favorable locations for such excavations. 

4 4, Although the method was not applicable for the quartz veins, 
nor in the andesite region, it can be used in the determination of the 
extent of such regions by tracing approximately the line of contact. 

5. In similar regions in other parts of the world, it might give either 
better or worse results, but its trial is recommended. 


ApPpENDIX.—MAGNETIC OBSERVATIONS IN THE Sdo JERONYMO COAL 
MINE 


Although the data to be presented in this appendix have nothing in 
common with the major part of this paper, we present them here 
because they may be of some interest, although hardly worthy of 
separate publication. 

The Sao Jeronymo coal mine is some tens of kilometers to the west 
of the city of Porto Alegre. Although a small mine, it is of considerable 
importance and produces about 1200 metric tons of coal per day. The 
coal is of Permo-Carboniferous age and the coal measures lie at a depth 
of approximately 100 meters, with the granite crystalline basement at 
slightly greater depth. The beds have suffered intrusions of diabase, 
sometimes in the form of dikes but frequently in the form of larger 
masses, and the heat generated has altered the coal in some places to 
produce a valueless coke. 

These intrusions are prejudicial to the operation of the mine. In the 
case of the dikes, there is added expense and loss in time in the extension 
of the galleries to the productive areas on the other side, while in the 
case of the larger intrusions, the coal has been completely destroyed and 
the galleries must be abandoned. This problem reached serious pro- 
portions a few years ago when shaft No. 3 had to be abandoned, being 
completely enclosed by diabasic rocks or burned out coke. 

At the request of the officials of the company, the writer made a few 
measurements with the magnetometer in this area to determine whether 
the magnetic method was capable of predicting the presence of such 
intrusives and their probable extent. It is obvious that such data would 


324 MAGNETIC MEASUREMENTS: 


be very useful when it becomes necessary to pa the area ur d 


exploitation by the opening of new shafts and galleries. ' 
The field procedure followed in these measurements was faeihion ‘ 


with that described for the Lavras areas, the only difference being that 
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Fig. 10.—MAGNETIC PROFILES OVER DIABASE DIKES IN THE SAO oe MINES. 


here, the anomalies being somewhat larger, slightly greater station 
intervals were used. Magnetic profiles were taken over zones where 
diabase was known to exist as the result of underground workings or 
drilled tests and over areas where coke had been found to have replaced 
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Fia. 11.—MAGNETIC ANOMALIES OVER 
BASIC INTRUSIONS IN THE SAO JERONYMO 
MINES, 
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the coal. The results of these 
studies are represented by the 
characteristic graphs of Figs. 8 to 10. 

In Fig. 10 are three curves of 
the variation in vertical magnetic 
intensity. The positive anomalies 
indicated in the figure are approxi- 
mately coincident with the location 
of the dikes. Curve A is taken, in 
part, over the refuse heap of an old 
shaft, and it is possible that scrap 
iron might have caused some of the 
irregularities. Curve B is over a 
worked portion of the mine while 
curve C is partly over the aban- 
doned mine No. 3. In this last 
curve, it is not’ known whether 


other intrusions exist to the left of the dike indicated. 
In Fig. 11 are two profiles over the territory to the north of the aban- 
doned mine No. 3. An outcrop of diabase occurs as indicated on curve 


A and a test drilled slightly to the left also entered diabase. 


In curve B 
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several drilled tests showed either diabase or coke, indicating the near 
presence of intrusive rocks. 

Fig. 12 is an isogamic chart of an area bordering the abandoned mine 
of the east. The anomaly here indicates that the intrusion is massive; 
not a dike. It is probably of lacolithic form and the source of some of 
the dikes that completely en- 
closed mine 3 on this side. Work 
underground did not reach this 
intrusion, the mine having been 
abandoned in coke. 

Results indicate that fairly def- 
inite anomalies are found, which * 
may be correlated with the known 
igneous intrusions. We may sup- 
pose then that a careful detailed 
magnetic survey of the entire area 
of the mine would locate at least 


the more important of other Q_2 50 _75 190 
c : és . Scale in Meters 
igneous intrusions that might kneel. 


exist. If the magnetic data were Fig. 12.—IsoGAMIC MAP OVER ONE BASIC 
carefully analyzed and placed on INTRUSION, WHICH RESULTED IN PRODUCTION 
the map, it would greatly facilitate oa a EASTANN PARE OF BEATE NINE 
the location of new shafts so that 

a minimum of intrusive rocks would be found, and would aid in the 
orientation of galleries so that they might either avoid the intrusions or 


pass them at the most advantageous points. 
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An Accurate Simplified Magnetometer Field Method 


By Husert O. De Becx,* Burnsvit1ez, N. C. 


Tue following descriptions and explanations apply specifically to the 
use of the Hotchkiss Superdip, but there are no apparent reasons why 
they should not apply to any magnetometer. This paper is a product of 
work in the practical field for several years with the Hotchkiss magnetom- 
eter, mostly on mineral deposits in the southeastern United States. 
The paper describes the result of an attempt to develop a practical and 
economical field method that approaches, as nearly as possible, the utmost 

“accuracy of which the magnetometer is capable. 

As there are many published descriptions of various magnetometers 
and magnetic methods, it would be superfluous to describe such instru- 
ments here, but a limited bibliography on the Hotchkiss and Askania 
magnetometers is appended. The Hotchkiss and the vertical Askania 
magnetometers have, respectively, maximum sensitivities of approxi- 
mately 5 and 30 gamma per instrument scale division. 


Purpose oF New Metuop 


The purpose of the method described in the following paragraphs is to 
eliminate, as far as possible, all corrections of field data that cause 
complexities and inaccuracies in the results of magnetometer surveys. 
Magnetometer field observations must be corrected for periodic variations 
in the intensity of the earth’s magnetic field, as well as for temperature 
variations, both of which take place during the course of a day. These 
variations do not seriously handicap magnetometer work on highly 
magnetic deposits, but it is impossible to obtain accurate results, by the 
conventional methods in use today, over weakly magnetic or diamagnetic 
deposits. This is due to the physical inability to obtain by such methods 
sufficiently accurate data in the field to make dependable corrections. 

The magnitude of the necessary corrections of field observations 
frequently exceeds the magnitude of local magnetic anomalies obtained 
over various types of mineral deposits. Therefore if these corrections 
are neglected or made on the basis of inaccurate data, the entire magnetic 
picture of the area concerned is at least distorted, and perhaps 
destroyed altogether. 


Manuscript received at the office of the Institute April 12, 1934. 
* Consulting Geological Engineer. 
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From a study of some of the work of others, as well as of previous 
work of my own, I believe that much of the magnetometer work to date 
has been somewhat inaccurate, owing to the fact that few operators seem 
to have realized the importance and magnitude of these factors. To 
estimate the amounts that such errors have cost various organizations 
would be a most difficult task. 


Basic PRINCIPLE oF METHOD 


If two similar magnetometers, adjusted exactly alike, are properly 
set up within a short distance of each other (10 to 100 ft.) on terrain 
devoid of local magnetic anomalies, the readings will be, under normal 
conditions, identical and equal, when the instruments are read simul- 
taneously. This is true because the terrestrial magnetic intensity and 
atmospheric temperature will not vary appreciably in such a short space 
interval at any given time; and so, at the same instant, will be of equal 
magnitude at the two instruments. Of course, the magnetometers should 
always be properly shaded. If the location is devoid of local anomalies, 
there are no other factors that might influence the action of 
the magnetometers. 

If this operation of simultaneous reading is repeated after an elapsed 
time interval of 10 min. (or any other time interval), the readings will 
again be equal, but they may not be equal to the first set of observations, 
for both temperature and terrestrial intensity may vary with time. 
The amount of inequality between the two sets of readings is proportional, 
in some ratio, to the combined change in temperature and intensity, 
though, individually, these changes may be additive to or subtractive 
from each other. 

If the space interval (at 25 ft. for illustrative purposes) between the 
two instruments is maintained, and the pair is advanced into a zone of 
local magnetic anomalies, again properly set up, and the operation of 
simultaneous reading repeated, a difference will be noted between the 
readings of the two instruments. This difference represents, in terms 
of scale divisions of the magnetometers, the difference in magnetic 
intensity between the two points of observation. This is true because the 
instruments are read simultaneously, and therefore the effects of atmos- 
pheric temperature and periodic terrestrial magnetic intensity variations 
are identical at the two points at the time of reading. Thus, these 
variables are reduced to corrective constants that are applicable to both 
readings, though the magnitude of these constants is unknown. However, 
if they are equal and apply to both readings, they may be neglected, 
regardless of what their magnitude may be. 

Therefore, corrections for atmospheric temperature and periodic 
terrestrial magnetic intensity variations are entirely eliminated merely by 
using in unison two instruments of similar type and identical adjustment. 


AN ACCURATE SIMPLIFIED MAGNETO) 
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In attacking any field problem by this method, the first step is to 
decide upon a particular sensitivity and to adjust both instruments to it. 
Care must be taken to obtain identical settings on the magnetometers. 


, 
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(A description of proper setting up and adjustment of the Hotchkiss will 


be found in the third publication listed in the bibliography at the end of 
this paper.) The instruments are then properly set up a short distance 
from each other on normal terrain (devoid of local anomalies), and counter- 
weight variations are made until there are obtained at least three simul- 
taneous readings that exactly check. This completes the preparation of 
the instruments for field observations. . 

The second step is to move both magnetometers to the first station 
or point of observation. They are set up here and readings again checked 
to insure proper adjustments. The average of the triplicate readings of 
one instrument subtracted from that of the other should equal zero. 
This, with the station location, is the first entry in the field notebook. 

The third step is to move one magnetometer to the next station and set 
it up. Simultaneous readings of the instruments are again made in 
triplicate and entered in convenient manner in a suitable notebook. 
(See illustration of notebook sheet herewith.) The triplicate readings 
for each magnetometer are averaged, and that of the front instrument 
is subtracted from the average reading of the rear one, or vice versa, but 
the same relationship must be maintained. The difference, whether 
plus or minus in character, represents, in terms of instrument scale 
divisions at the particular sensitivity value used, the difference in mag- 
netic intensity between the two points concerned. 

The fourth step is to move the rear instrument ahead to the third 
station, where the above operation is repeated. The difference in read- 
ings thus obtained, whether plus or minus, is algebraically added to the 
last difference, and the total is carried along with station designations in 
the field notes. Thus the method of keeping notes is somewhat similar 
to that used in a precise level survey. 

This system is then repeated, the rear instrument being moved ahead 
and the relationship of the two being reversed at each succeeding observa- 
tion. At the end of each day’s field work, the total differences are plotted 
against distance on suitable graph paper, and the points thus determined 
are connected to form a graphic magnetic picture of the area covered. 

If the notes are completed in the field after each observation, the party 
chief is always in possession of up-to-date data and in complete control of 
the work. Thus, errors are discoverable at time of commitment and may 
be corrected immediately. Station intervals may be varied, without loss 
of time, when necessary to obtain complete data. 
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_ Note Boox SHEET 
Date: June 1, 1933. Hotchkiss Inst. Nos.: X and Y. 
Project: John Doe’s Tract. Sigma: 1° 00’. Theta: 67° 15’ 
Location: Rutherford County: Tau: 21° 45’ Adjust. by: JCS 
Line No: 30 Sheet No: 32 a; 


Station Front Inst. Rear Inst Difference Total Remarks 
(feet) (plus) (minus) (+) or (—) Difference (time) 
Cl all Ra Daal ioe Sil eR el eT eas ae 
+ 0 157 158 Clear 
158 159 Weather. 
158 158 Normal. 
Tot. 3)473 Tot. 3)475 
Ave. 158 Ave. 158 0 0 9:01 A.M. 
+10 162 159 Normal 
163 158 ground. 
161 160 No clouds. 
Tot. 3)486 Tot. 3)477 
Ave. 162 Ave. 159 +3 + 3 9:06 A.M. 
+15 178 164 Hanging 
, 178 163 wall of 
180 164 quartz 
a =F vein. 
Tot. 3)536 Tot. 3)491 
Ave. 179 Ave. 164 +15 +18 9:10 A.M. 
ee is 
+20 156 180 Approx. 
159 182 foot 
160 184 wall of 
pa — quartz. 
Tot. 3)475 Tot. 3)546 
Ave. 158 Ave. 182 —24 — 6 9:18 A.M. 
ee 
+25 167 162 Normal 
166 160 ground. 
165 160 Clear. 
Tot. 3)498 Tot. 3)482 
Ave. 166 Ave. 161 + 65 — 1 9:24 A.M. 
= ee 
0 172 171 Normal 
iy 173 172 ground. 
174 173 Clear. 
Tot. 3)519 Tot. 3)516 
Ave. 173 Ave. 172 + 1 0 9:31 A.M. 
eS 
176 175 ° 
ice 177 176 clouds 
178 176 in 
— — sight. 
Tot. 3)531 Tot. 3)527 
Ave. 177 Ave. 176 +1 +1 9:38 A.M. 
i i itivity angle used. Theta is the normal average inclination of the earth’s magnetic 
ee tira in the quale between the counterweight arm and the magnetic bar of the instrument 


‘nation of temperature and terrestrial intensity variations (1 ; ; 
J gees tear 1 difference of 18 Hotchkiss scale divisions in a time interval of 37 minutes. In 


ingle-instrument methods the latter difference, would 1 
ave ckequatts vein and thus cause difficulties in interpreting the results. 


STATION AND STATION-LINE INTERVALS 


The station interval used depends on the nature of the problem con- 
cerned. The stations are generally located by transit and chain methods 
along lines run at right angles to the average strike of the geologic feature 
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to be determined. The interval between station lines also depends on 
the nature of the project. 

In the Ducktown copper district of Tennessee, station and station- 
line intervals of 25 and 200 ft., respectively, were used satisfactorily in 
the determination of large deposits of copper and iron sulfide. Station 
and station-line intervals of 10 and 50 ft., respectively, were successfully 
used in Rutherford County, North Carolina, in the location of small 
auriferous quartz veins averaging 12 in. in thickness. In the latter case, 
the intervals were reduced frequently in order to obtain complete data. 


FieLtp Party 


In this method of geomagnetic surveying, the field party is composed 
of one recorder-party chief, two instrument operators and two umbrella 
carriers. Of course it is essential to have a transit and chain party in 
addition to the magnetometer party, though the two are frequently 
combined so that the same personnel executes the duties of both parties. 

The recorder-party chief times the readings and keeps the notebook 
up to date; the operators set up and read the instruments; the umbrella 
carriers keep the instruments properly shaded and assist in moving them 
from point to point. 

The recorder-party chief should be a geologist who is familiar with the 
geology of the area concerned. The qualifications necessary for an 
operator are similar to the combination of those necessary for the oper- 
ation of an analytical balance and for a precise level. 

With a station interval of 25 ft. or less, a well trained field party of 
this kind can make, on average terrain, well over a hundred observations 
per eight hours. Such a party is capable of making as many observations 
as may be obtained in a given time by a one-instrument party over 
similar terrain, or more complete observations than the one-instrument 
party. The method described herein will cost no more than the single- 
instrument method, since one-third to one-half of the time of the single- 
instrument party is spent in obtaining data for terrestrial periodic 
variation determinations, and in making the necessary calculations to 
correct the notes obtained in the field; furthermore, a great amount 
of time is consumed in adjusting the instrument to each new location, 
which is unnecessary with the method just described. Regardless of 
what the difference in cost might be, it is actually a choice between an 
accurate reliable method and one that is always doubtful. 


MAGNITUDE OF TERRESTRIAL INTENSITY. VARIATIONS 


What is the nature and magnitude of terrestrial magnetic variations 
which so seriously handicap single-instrument methods of magnetometer 
surveying? For such information concerning specified locations, refer 
to publications of the United States Coast and Geodetic Survey on the 
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subject of terrestrial magnetic intensity variations. Results of con- 
tinuous observations are published periodically by. this bureau. 

A study of any group of this bureau’s daily charts on terrestrial mag- 
netic intensity variations will show that the earth’s magnetic field at any 
given location generally reaches a minimum intensity at or near 2 o’clock, 
a.m. When near this minimum, the magnitude of the intensity varies 
very nearly in accordance with some definite increment. Around 
2 o’clock, p.m., this magnetic field usually reaches a maximum in magni- 
tude of irregular variations, and in intensity. 

If these periodic variations followed any particular increment for a 
time interval of even one hour, they would present little difficulty, but 
such a phenomenon seldom, if ever, happens. It is not unusual for 
variations of a magnitude of 0.1 to 2.0 per cent of the normal average 
intensity of the earth’s magnetic field to take place in a time interval of 
5 to 10 min., and I have frequently observed variations as high as 5.0 per 
cent in 10 min. to take place on a perfectly clear and apparently 
normal day. 

The average sensitivity adjustment in the use of the Hotchkiss gives 
a value of approximately 0.04 per cent of the earth’s normal average 
intensity per instrument scale division. Thus, a periodic intensity 
variation of 2.0 per cent would produce an instrument reading of 50 scale 
divisions above or below the normal reading. The magnitude of such an 
apparent anomaly is comparable to the magnitude of the true anomaly 
that characterized a chalcopyrite orebody in Swain County, North 
Carolina. The ambiguous results that may be obtained with single- 
instrument methods are, therefore, quite obvious. 


ADVANTAGES AND CONCLUSIONS 


The advantage of greatest importance in the use of this method is that 
it permits a much higher degree of accuracy and reliability than is obtain- 
able by any other magnetometer method. It also permits the determina- 
tion of anomalies of smaller magnitude than may be accomplished by any 
other means. 

It is probable that no geophysical method will attain its maximum 
effectiveness and usefulness until it is reduced to a state that permits 
economical operation and is completely controllable by the average geolo- 
gist. The very low cost of operation of this method hardly permits 
comparison with any other. Because of its extreme simplicity, the total 
absence of mathematical calculations and other complexities, any geolo- 
gist who is capable of using a transit and analytical balance (or similar 
instruments) can efficiently accomplish geomagnetic surveys by this 
means. At most, he would not require a great deal of instruction 
or demonstration. : 


The versatility of any geophysical method is largely dependent upon 
its degree of control, which is the accuracy with which irrelevant fa 
can be determined and corrections made for them. The method described. 
herein permits almost absolute control, and is adaptable, therefore, to 
the solution of any geophysical problem that may be solved by geo- 

magnetic methods. Thus, this method greatly broadens the scope of 
magnetometer surveying. 


SUMMARY 


In this paper, there has been described a method of geomagnetic 
surveying which involves the simultaneous use of two magnetometers, 
instead of the usual one. This is done to eliminate correction factors 
that are difficult to ascertain, and thereby to obtain more reliable results. 

The basic principle of the method is: If two like magnetometers are 
adjusted identically and set up reasonably near each other, they will be 
subject to the same atmospheric temperature and periodic terrestrial 
magnetic intensity variations at any given time. If the instruments are 
read simultaneously, corrections for these variations are eliminated. 
Therefore, any difference between the two readings represents the differ- 
ence in magnetic intensity between the two points, in terms of instrument 
scale divisions at the particular sensitivity adjustment used. 

This method not only broadens the use of the magnetometer, but may 
also increase the number of users. It permits accurate determinations 
of weakly magnetic as well as strongly magnetic mineral deposits and of 
other geological features. Also, owing to the complete elimination of 
mathematics and other complexities, it permits the average geologist to 
execute accurate surveys of this character. 

This method was created and developed in the field with the Hotchkiss 
Superdip, therefore special emphasis has been placed on the field methods 
of the Hotchkiss. Though the practical field was the only laboratory 
used, I believe the method will endure any theoretical tests to which it 
may be submitted. The satisfactory results obtained are a matter of - 
record, which no amount of theory can displace. 
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Theory and Experiments Concerning a New Compensated 
Magnetometer System 


By C. A. Heranp,* Goupen, Coo. anp W. E. Pucu,{ Denver, Coto. 
(New York Meeting, February, 1932) 


A. INTRODUCTION 
(C. A. Hminanp) 


I. PrRIncIPLES OF TEMPERATURE COMPENSATION IN MAGNETIC 
INSTRUMENTS 


The principle underlying the majority of magnetic intensity variom- 
eters is a comparison of the force to be measured with another force of 
_ known magnitude. The known force may be (a) of a magnetic nature, 
such as magnetic fields produced by magnets or coils, or (6) of a mechan- 
ical nature, such as (1) the elastic forces of wires, or (2) the force of 
gravity, such asemployed in bifilar magnetometers and magnetic balances. 

In instruments of such type, usually a magnetic system is employed, 
free to move about either a horizontal or vertical axis, on some sort of a 
suspension. If the earth’s magnetic field alone were present, such a 
system would adjust itself into the direction of the field or that of its 
components. Owing to the simultaneous action of the comparison force, 
however, the magnetic needle assumes a position that differs from the 
direction of the magnetic force; for all such instruments, the angle of 
deflection ¢ is given by tan g = F/X, where F is the known and X the 
unknown earth magnetic force component. In other words, the magnetic 
system merely serves as an “indicator” for the position of balance of the 
two forces. 4 

Considering the matter from this point of view, it is not immediately 
obvious why the temperature of such a magnetic system should modify 
the results. 

In magnetic instruments, we may distinguish two different effects of 
temperature: (1) a magnetic effect and (2) a mechanical effect. The first 
is due to the fact that the magnetic moment of a magnet drops with an 
increase in temperature. This drop is characterized by the temperature 
coefficient of the magnetic moment u (see equation 1). The second effect 
is due to the change in the torsion of suspension wires with temperature 
or to the expansion of lever arms of masses acting on magnetic balances. 

* Professor of Geophysics, Colorado School of Mines. 

+ Geophysicist, Plains Exploration Co. 
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As said before, it is not evident at first sight why a magnetic system 
that merely serves as an indicator of the balance between two magnetic 
forces (types under group a) should be influenced by temperature. For, 
if the temperature coefficient of its magnetic moment is u the apparent 


change of the one force with temperature 0 would be a = —Fy, and 


the change of the other force would be oe = —Xpy. Therefore, » would 


cancel in the result. 

The only reason there is a temperature effect on such type of magnet- 
ometer is that the known force F frequently depends on the temperature. 
If this force F is, for instance, produced by a magnet of known strength, 
the temperature coefficient of it enters into the results. However, this 
can largely be eliminated by using coils instead of magnets. Then the 
only temperature effect left in such instruments is that due to the suspen- 
sion, if a wire is used, and this effect can be made so small that it 
is negligible. 


Therefore, we find that in the type of intensity magnetometers that 


are based on a comparison of two magnetic forces, the conditions are most 
favorable for an elimination of temperature effects. 

Matters are totally different for magnetometers which are based on a 
comparison of magnetic with mechanical forces. It is readily seen why 
the temperature influences such magnetometers considerably. For, u 
affects only the unknown earth magnetic force, but not the mechanical 
comparison force; therefore, the temperature coefficient of the “indicator” 
does not cancel out. In addition, the “mechanical” effect of the tempera- 
ture now enters, affecting the mechanical comparison force. It is obvious 
that in such type (6) magnetometers it is difficult to eliminate the temper- 
ature effect. Only by making the ‘mechanical’ temperature effects 
opposite in sign as compared with the magnetic effects is it possible to 
compensate the magnetic system for temperature. 

This paper will deal only with methods for compensating, not for 
avoiding, the temperature effects. 


1. Principles of Temperature Compensation in Magnetometers in General 


As stated before, a temperature compensation may be accomplished 
by balancing the mechanical effects of the temperature against the 
magnetic effects. : 

Frequently, however, the mechanical effects are not great enough 
to balance the magnetic effects. One way to overcome this handicap 
is to reduce the magnetic effect, by making » as small as possible. This 
is done by using magnets of comparatively great magnetic moment (as 
p is inversely proportional to the magnetic moment of a magnet), and by 
employing steels that have small y’s. Another way to reduce the 


ee 1 However, this would sda dant (a an clini atten of fhbtende 
ture rather than compensation, and the object of this paper is not to — 
with such methods. 

Even though magnets of good grade of steel and great oceania 
moments may be selected, the reduction of the magnetic temperature 
effect by such means is usually not sufficient. Then an additional 
compensation is required. 

This compensation may be accomplished (1) magnetically or (2) 
mechanically. That is to say, either the magnetic temperature coefficient 
is decreased by another opposing magnetic temperature effect, or the 
existing mechanical temperature coefficient is increased by an additional 
mechanical effect. There follows a list of magnetic and mechanical 
temperature compensations which have been suggested and applied. 

a. Magnetic Temperature Compensation.—A stationary auxiliary mag- 
net is so placed near the moving magnetic system that its north pole faces 
the north pole of the system (corresponding to an apparent decrease in 
intensity). With an increase in temperature of the deflector, the repul- 
sion is lessened, resulting in an apparent increase in intensity, which 
may be balanced against the apparent drop in intensity due to the drop 
of the moment of the needle.? 

b. Mechanical Temperature Compensation. 

1. On wire suspensions. 
(a) The temperature changes the torsion of twisted wire. 
(b) The temperature acts on a U-shaped frame to which the 
suspension is fastened. 
2. On the optical system. 

A bracket holding the scale expands so with temperature as to offset 
the decrease of the reading. 

3. On a liquid in which the magnetic system floats. 

An increase in temperature so changes the center of buoyancy as to 
offset the magnetic temperature effect.® 

4, On the center of gravity of a magnetic balance.* 


1R. Bock: Theorie einer neuen galvanischen Waage. Zitsch. Geophysik (1930) 6, 
(4/7), 251-253. 

2H. E. McComb and A. K. Ludy: Temperature Compensation and Adjustment 
of Magnetic Variometers. Terr. Mag. (March, 1930) 32. 

G. Hartnell: An Intensity-variometer Corrected for Temperature. ‘Terr. M. ag. 
(Sept., 1925) 117-124. 

3H. Andreesen: Dissertation, Kiel, 1905. 

*C. A, Heiland und P. Duckert: Beschreibung, Theorie und Anwendung einer Neu- 
konstruktion von Ad. Schmidt’s Feldwage. Ztsch. angew. Geophysik (1924) I, (10), 
289-315, 321-329, 

C. A. Heiland: Theory of Ad. Schmidt’s Horizontal Field Balance. Trans. 
A. I. M. E. (1929) 81, 290. 
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The metals are so arranged in the system that those with the 
greater expansion coefficient are on the north side, so as to displace the 
center of gravity toward that side as the temperature rises. This is 


done either by moving the steel blades to the south side of the system, 


or by providing spindles of suitable metals on the sides of the system. 


2. Temperature Compensation in Vertical Intensity Magnetometers 


In vertical intensity magnetometers, most of the compensation 
methods described before have been used at one time or another. The 
author has used the magnetic com- 
pensation occasionally on station- pean | Neil to-eotars5 
ary instruments (see Fig. 1a). The 
temperature compensation on the 2 a 
suspension has been used by 
Angenheister® in his tungsten wire 
balance. Andreesen (see above) 
applied torsion and liquid compen- 
sation to his recording vertical 
balance. The methods most ex- 
tensively used (see Fig. 1, b and c) 
are the shifting of the blades and, ___@g 
in the new Askania system, the at- 
tachment of suitable expansion 
SpindiestiMthebmsthod applied -byat'*bynavaa wiawmowernas, 
Haalck® in his universal balance, to a, Magnetic compensation; b, mechani- 
fasten the steel blades on only one: ©! compensation by shifting blades; ¢, 

: : ’ ~~ mechanical compensation by spindles. 
side of the magnetic system, is, In 
its effect, identical with the methods described above. 


II. HisroricaL Review OF TEMPERATURE COMPENSATION IN 
VERTICAL INTENSITY BALANCES 


Probably the first to apply a mechanical temperature compensation 
to vertical balances was H. Wild,’ who used an arrangement very similar 


to that in the new magnetic system. 

WT TTILL Ld hhh hh hahah’ fs ; 

7 Fs fe Fig. 2 gives an approximate idea of 

IITA his magnetic system, which was 

Fic. 2.—Wi.p’s MAGNETIC SYSTEM tubular in form. 

DRAWN FROM MEMORY). 

( ) Up to about 1920, most of the 

vertical intensity balances in use were observatory instruments. The 

recording rooms were kept at a fairly constant temperature; hence 


VMITGIMBLEIOLEIIA RELENTLESS, 


WAMU OLE LATTA MAAN TEP LAS EST, 


5G. Angenheister: Magnetische Wage mit Fadenaufhaengung. Zisch. Geophysik 
(1926) II, (1), 43-44. 

6H. Haalck: Die magnetischen Verfahren der angewandten Geophysik, 72. 
Berlin, 1927. Gebr. Borntraeger. 

7H, Wild: Repertorium fuer Metereologie (1883) 8. No. 7. (St. Petersburg.) 
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the need for an accurate compensation was not great. Instruments of 
the spindle type had been made by the Schultze and Toepfer companies 
of Potsdam, but the chief purpose of the spindle was latitude adjustment 
and not temperature compensation. 


1. Compensation of Magnetic Systems in Old Type Schmidt Balances 


The development of the Schmidt balance had been started by Toepfer, 
and was continued, largely with his assistance, by the Askania-Werke. 
While in charge of the latter’s geophysical work, the writer has made 
extensive studies of various methods of temperature compensation. 

Spindles of various materials (zinc, rubber, ete.) were tried. The 
results proved conclusively that an adequate compensation could be 
obtained by the use of such spindles,® but the method of shifting the steel 
blades continued in favor because it was considered undesirable to add any 
masses to the system which might be displaced during transportation and 
also because the compensation by shifting the blades seemed to give satis- 
factory results. 

To get a more complete em compensation and at the same 
time counteract the change in latitude adjustment caused by shifting the 
blades to the south, often a hole was drilled in the south side of the 
aluminum cube and a corresponding hole on the north side was filled with 
German silver (Fig. 1b). 

During the period of extensive field operation of the magnetometers, 
from 1926 to 1930, occasional complaints were received about abrupt 
changes in temperature coefficients. It was concluded that such changes 
were due to differential tensions set up between the aluminum cube and 
the magnets, screwed tightly toit. Therefore it was decided to replace the 
aluminum cube by the same material of which the magnets are made. 


2. Compensation in New Magnetic System 


The aluminum cube has been replaced by a light steel frame, as the 
older experiments had shown that the system was somewhat too heavy 
in comparison with the masses used on the spindles. The tungsten steel 
magnets have been replaced by cobalt steel of greater magnetic moment 
and smaller temperature reaction, resulting in a decrease of u (see above). 

To overcome objections from the standpoint of stability of readings in 
transportation, the spindles are screwed tightly to the steel frame and 
held firmly in position by set screws. In addition, the bronze nuts on the 
spindles are slotted, and screwed together by two small set screws each. 


® The following figures may serve to illustrate variation of temperature coefficients 
(horizontal field balance) with spindle material: Normal magnetic system, +8.8; 
zine spindle added, with small brass nut, +-7.8; zine spindle, with large brass nut, 
+5.7; rubber spindle, with medium weight, +4.2; rubber spindle, with oa 
weight, +2.2 y. 
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Fig. 3 shows the new magnetic system. A diagrammatic sketch of it 
is shown in Fig. 6. Hardly anything more need be added to the descrip- 


tion given above except that the “temperature spindle” in the north 


is made of aluminum and the “latitude spindle” in the south is of 
invar steel. 

_ This new magneticsystem was de- 
veloped during 1930 by the Askania- 
Werke in Berlin. The first tests 
made with the system showed that, 
in its temperature behavior, it was a 
much superior to the old type system Fig. 3.—New ASKANIA VERTICAL MAG- 
(Fig. 4). NETOMETER SYSTEM. 

In the summer of 1931, the Askania-Werke asked the writer to give 
this magnetic system a thorough test. Several months were devoted to 
this work, and the results obtained thus far are given herewith. The 
magnetic laboratory of the Colorado School of Mines was used for the 


- fie 
(hour 


New Magnetic Systen 


6°C 


—" 2 
Fic. 4. —ComParIsON OF RECORDS OBTAINED WITH OLD AND NEW TYPES OF MAGNETIC 
; system. (Courtesy Askania-Werke.) 


temperature registrations, which are described in the latter part of 
this paper. 

The experimental results naturally gave rise to a thorough revision 
and perfection of the theory of similarly compensated magnetic systems. 
It may be mentioned that the theory and experimental results are in much 
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better agreement than was expected. The deviations from es 20 
observed and theoretical values were seldom greater than +0.3 gamm a8, 
which may be considered at least within the average error of temperature Ma 
coefficient determinations. Pe 

In concluding this introductory chapter, the writer wishes to express — 
his thanks to the American Askania Corporation for placing the magnetic 
system at his disposal and for making this interesting investiga- 
tion possible. 


‘B. THEORY OF TEMPERATURE COMPENSATION IN THE NEW 
MAGNETIC SYSTEM 


(C, A. Hmranp) 


An effort has been made to derive this theory in the most simple and : 
usable, yet accurate form. The very close agreement between theory 
and experiment shows that, despite the extremely am final equations 
no essential factors have been neglected. 

The fundamental equations for the temperature effect are, naturally, 
composed of two parts. The first expresses the influence of the drop of 
the magnetic moment of the system as the temperature rises. The 
second expresses the effect of the expansion of the metals in the system 
upon the reading. 

Therefore, it seems advisable to discuss the magnetic influence 
separately. That is to say, the equations will be given first for a magnetic 
system of which the temperature coefficient is due solely to the influence 
of the temperature upon its magnetic moment, and in which the metals 
are so disposed or are of such nature that their expansion is of no material 
influence. After that (in II), the combined magnetic and mechanical 
effects of the temperature will be considered, with special reference to such 
an arrangement of metals as to produce zero or nearly zero tempera- 
ture coefficients. 

In the next three chapters of this theory (in III, IV and V) the effect 
of changes of (1) latitude, (2) scale value and (8) deflection upon the 
temperature coefficient will be considered. 

It should be noted that all equations refer to the temperature coeffi- 
cient (abbreviation, T.C.), and not to the temperature correction. The 
temperature correction is the negative temperature coefficient. 


I. Magnetic Errect or TEMPERATURE 


This influence will be considered separately for scale value and reading, 
as these two effects are of totally different magnitude. 

The magnetic effect of temperature is due to the fact that the magnetic 
moment of the system decreases with an increase in temperature as 
expressed by the equation 


M, = Ma(1 — nO) [1] 


ec... 
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_ M, is the magnetic moment at the temperature @ = t — 20° C., Moo the 


moment at 20° C.; @ is the temperature in centigrades above 20° C. and yu 


_is the temperature coefficient of the magnetic moment. 4 is positive if 
the equation is written as above. 

p varies considerably for various types of steel. It is smaller for cobalt 
than for tungsten steel. varies, in addition, with the magnetic moment. 
It is smaller for a stronger, greater for a weaker magnet. is essentially a 
constant for varying temperatures. 

For the old type of magnetic system, » varied between 30 and 
50 X 10-°. For the new system, it was determined experimentally 
(see section C-I-6) and found to be 13.8 X 107°. 

In the theory given below, the symbol y will be used always for the 
10-5 unit even if this mode of designation may not be quite correct from 
the physical standpoint (e. g., the expansion coefficient of aluminum will 
be stated as 2.37). 

Mx of the magnetic system was determined by means of a deflection 
experiment on a magnetometer. It was found to be 1225 COGS: 


1. Magnetic Temperature Effect on Scale Value 


At normal temperature, the scale value is 


_ mgd 
€20 = 2fM 20 [2] 


where m is the mass of the magnetic system, g the gravity, d the vertical 
distance of the center of gravity from the axis of revolution, f the focal 
length of the objective lens (in scale divisions, 2f = 1333).° 

Then the scale value at the temperature 


a mgd 
¢ =~ OfM(1 — u0) 
and thereforeé, = jetig or, the temperature coefficient of the scale value, 


€9 7 €20 = €29 [3] 


The temperature coefficient of the scale value, for a noncompensated 
system, is positive (increase of scale value, or loss of sensitivity, with an 
increase in temperature). The temperature coefficient is proportional 


to the scale value. 

The T.C. of the scale value is small; for « = 30y, it is only 0.004y. 
From this it is obvious that a compensation for the magnetic effect of 
temperature on the scale value, ie., in the vertical direction, is 


not required. 


*See Theory of Vertical Balance in second reference of footnote 4. 
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alt j iy 


2. Magnetic Effect of Temperature on the Reading . ys ee 


i i 
This effect is much larger than that on the scale value. Fag a : 


reading at normal temperature S20 (S2o equals the actual reading or s' 
minus 20, the center reading) 


S20 ne ats = a : ‘{4] é 


mgd 


where Z is the vertical intensity corresponding to the reading S’, and ais 
the horizontal distance of the center of gravity from the axis of revolution. 

Then the reading at a temperature 6, provided the magnetic effect only 
of the temperature is considered, would be 


2f{MooZ(1 — u0) — mga} 


Rate mgd 


[5] 

After subtracting 4 from 5, and substituting the value for e from equa- 
tion 2, the temperature coefficient (T.C.) of the reading, expressed in 
gammas, is 


€(S¢ ; S20) igs [6] 


T.C, = 

This is an important equation, which states: 

1. That for an uncompensated system, the temperature coefficient is 
negative (which is in accordance with observations); in other words, 
that a reading at higher temperature is smaller than a reading at 
lower temperature; 

2. That the temperature coefficient changes with the magnetic 
vertical intensity (with magnetic latitude); 

3. That the T.C. for an uncompensated system is very large; from 
equation 6, with the value given for » before, we have for Golden latitude 
(Z = 0.5811931) T.C. = —7.3y. 

This last value may seem small in view of much larger coefficients 
frequently encountered by magnetometer observers. It must be borne 
in mind, however, that it is computed for the new system, which has 
a large magnetic moment and a small w. For an old type system, the 
magnetic moment of which is about three-fourths that of the new, and 
which on account of tungsten steel being more frequently used than cobalt 
steel, has a u of nearly 507, the T.C. for the uncompensated system would 
be: T.C. (old type, uncomp.) = —25y. 


II. Comsinep MEcHANICAL AND MagGnetic Errect or TEMPERATURE 


In extending the theory for the combined effect, the expansion of the 


metals in the magnetic system with rise in temperature must 
be considered. 


eae ee ee 
) 


MN 


roar oe ee a a ee 


see Cs) 1. ae!) 
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In writing the equation for the mass displacements with temperature, 
advantage is taken of the fact that the displacement of any number of 


masses in any direction may be represented by the resultant displacement 


of the resultant center of gravity lever. 
From Fig. 5 it is readily seen that, if two masses m; and mz, are 


- attached by a lever of the same expansion coefficient to the frame of a 


magnetic system, they move in opposite directions when the metals 
expand; however, this may be represented by the simple relation 
dp = A(1 + yé) if y is the ex- 


pansion coefficient of the metal V 
under consideration. Gi ie 
If the masses are attached to s! 
lever arms made of metals with 
different expansion coefficients, 
another coefficient must be substituted in the terms just given, which isa 
more or less complex function of the masses, lever arms and expansion 
coefficients involved. 
Designating such coefficients by p for the horizontal expansion and 
by q for the vertical expansion, we may write 


Gy = Go(1 + pd) and 
dg doo(1 + q0) : [7] 
In the equations which follow, the influence of fixed masses has 
been considered separately from the influence of masses that may be 
moved by the observer (scale-value screw, latitude screw, temperature 
screw, latitude and temperature spindles). 


Fia. 5.—ARRANGEMENT OF MASSES IN A 
MAGNETIC SYSTEM. 


1. Combined Mechanical and Magnetic Effect of Temperature on the 
Scale Value 


If ma is the mass of the magnetic system minus the mass of the scale 
value adjustment screw, 7; Y» is the distance of the center of gravity 
of this screw from the axis of rotation and ya is the vertical distance 
of the center of gravity of the system from the axis of rotation after the 
scale value adjustment screw is taken out, we can write 


_ Ma Ya + My" Yo 
©) Ma + mM, 8] 


where d = ais « and follows from equation 2 for any scale value. 
mg 


d 


Only ya is unknown and is obtained directly from equation 8, as all other 
quantities are given. 
The influence of the temperature on the scale value may then 
be written sik ; 
g\ma ° My, * Yo 
€20,. = pala “oy [9a] 


= 9 Ma* yall + 18) + gre woh 
0 2fM(1 — ué) 


where y is the expansion coefficient of steel. Subtracting 9a from 9 a 
and neglecting, in the denominator, » as compared with 1/0, we have for 


the temperature coefficient of the scale value, ‘ o re ~ 
: = Beso 
< 9 20 = (7 + pee fl wie 


In other words, the temperature coefficient of the scale value, con- 
sidering the expansion of the metals, is greater than the purely magnetic © 


temperature coefficient of the same. However, as y is only about 
one-tenth of yu, it follows that what was said before about the tempera- 
ture coefficient of the scale value still holds—the temperature coefficient 
of the scale value is negligible. 

In reference to equation 9b it may be added that the numerator may 
be expressed by the equation 7, or 


mgdg = mgdo(1 + g@) = mgdzo(1 + 8), 


from which it follows that qg is equal to y, the expansion coefficient 
of steel. 


2. Combined Mechanical and Magnetic Effect of Temperature on the 
Reading 


For the reading at standard temperature, 
Sues 2f(MooZ — mgaro) 
203th ane > hae A 
mgdeo 

Substituting the values for a9 and dz from equation 7, we have the read- 
ing at the temperature 6 

s, = 2AM4ZG — ub) — mga(l + pé)} 

mgd(1 + q@) 


Subtracting [11] from [12], dividing by @ and neglecting g as compared 
with 1/8, 


[11] 


[12] 


SiriiSaraoaeh 


ie arog {MZ(u +g) — mga(q — p)} [13] 
which may be written, since ane ce 
mgd € 
(Sp — S - mga 
T.C. = 9 Be ur — Pp). Zug) [14] 


In words: if the temperature coefficient is expressed in gammas, it is 
independent of the scale value of the instrument. 


PE eS ee eee eee 


a a oe a 


= 
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This is true provided a change in scale value does not change the 
horizontal distance a of the center of gravity from the axis of rotation; 


i. e., provided the threaded hole for the scale-value screw is exactly at 


right angles to the magnetic axis of the system. This factor will be dis- 
cussed in section B-IV. 

Equation 14 immediately suggests two possibilities for constructing 
a magnetic system, which is compensated for temperature: . 

(1) To make » = —q and p = q; that is to say, the arrangement 
of the metals in both the horizontal and vertical direction should be so 
made as to conform to these relations. 

(2) To make q negligibly small and to compensate only in the hori- 
zontal direction, so that g = 0, u = —p. 

This last arrangement is made in the new Askania magnetic system, 
in which the central frame is made of steel of which the expansion coeffi- 
cient is only about one-tenth of ». This is identical with the result 
obtained before, that the influence of the expansion upon the scale value 
is negligible. 

The influence of disregarding the temperature coefficient of the scale 
value may readily be computed. For, if the compensation in the hori- 
zontal direction is perfect; that is, if u = —p, 


which even for the largest readings is so small that it may be neglected ; 
besides, if it were larger, it could be eliminated by a slight overcompensa- 
tion in the horizontal direction. 

Finally, equation 14 shows that q, even if it were larger, would cancel 
out if the readings of the instrument were always taken near the center 
of the scale (S’ = 20); for, in that case, there is a balance between gravity 
and magnetic force; that is, a = Z,). Therefore, 


MIGspicsiveyn) 
i rt Zq = 0. 


There being ample reason to neglect q, it follows from equation 14 that 


(Se — Seo) _ 


TGasie€ " 


_ 9 = 5 
M X amp — Zu [15] 
This is the principal equation of this theory, which has been used 


throughout the following computations. 
It shows, in the first term on the right-hand side, the influence of 


compensation; in the second term, the uncompensated (magnetic) 
influence of the temperature. 
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Ga , beds 
It further shows that the system may be completely compensated, 
for readings around 20, by making p negative and equal to y, since near 
SY 3202 : 
T.C. = —Z)(p + p) [15a] 


For readings differing from 20, a small correction is introduced, — 


depending on how much Z deviates from mga/M. This influence is small 
and will be discussed in section B-V. 

The next problem is to make p negative and equal to ». This is 
done in the new Askania system (Fig. 6), by two spindles on either side 


Fia. 6.—DIAGRAM OF NEW MAGNETIC SYSTEM, 


of the central frame, bearing weights. The spindle on the north-pole 
side of the system is made of aluminum, the spindle on the south-pole 
side of invar steel. The latter carries the only screw that should be 
used in latitude adjustments, and invar is chosen so as to make the change 
in the position of the weight on this spindle as ineffective as possible. 

When the temperature rises, the magnet. loses its moment, or the 
vertical intensity apparently becomes smaller, resulting in an upward 
movement of the north pole. At the same time, however, the aluminum 
spindle expands, throwing the mass attached to it farther out from the 
knife edge and thus producing an opposite or downward moment. 

At the latitude of Golden, the distances of the two weights on the 
spindles from the knife edge are almost equal. For this system, we 
may write 


F Zs 
Sas eT 
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Ma + mM, + M: + Mat + Met 


— Maka + mitt — Mike — Mallat + MetLet [16] 


where m, = mass of system without horizontal spindles and masses, 


2a = abscissa of center of gravity of system, 
m; = mass of bronze nut on latitude spindle, 

x, = distance of its center from the knife edge, 
m, = mass of bronze nut on temperature spindle, 
2, = distance of its center from knife edge, 
Mal = mass of aluminum (temperature) spindle, 
Lal = distance of its center from knife edge, 
Met = mass of the steel (latitude) spindle, 

2e_ = distance of its center from knife edge, 

m = total mass of system, 

mM = Me + Mi + Me + Mar + Met. 


In equation 16, all quantities may be readily determined by callipers 
and scale, except a and z,. From the position of equilibrium, i.e., the 
latitude adjustment, a follows as 

tou MZ, 


mg 


and 
_ am — mdi + Mat + Maar — Met X Tot 


x 
a Ma 


Then a at a temperature @ is given by 


am(1 + p0) = mata(l + 0) + mizr + mi(ar — €)d0 — mere 
—mi(xre = c)B@ — MalLal — Mar( Lat oT c)B0 
+ Meter + Met(Let — c)60 [17] 
where 
6B = 2.3 X 10-* is the expansion coefficient of aluminum, 
1.15 X 10-* is the expansion coefficient of steel, 


Y = 
5 = 0.14 X 10-* is the expansion coefficient of invar steel, 
p = 13.8 X 10-* is the temperature coefficient of the magnetic 


moment, and 
c = 0.63 em., the distance of the point of attachment of both tempera- 


ture and latitude spindles from the knife edge. 
Subtracting [16] from [17] and dividing by @ 


amp = ymata — Blmi(ae — ¢) + Moi(Lar — €)| + 
d[mi(ar —c)t+ Mat(Let — c)] [18] 


For the system as adjusted for Golden latitude, we obtained after sub- 
stituting the numerical values into this equation 


amp = —9.25y 


348 I =TOME' 
As —g/M is —0.80 for Golden nattndel and as — Bon = 7.3 


we have from es 15 a — 
= +7.407 — 7.337 = +0.07y re . e 
computed from the inerans ; the observed value was E 
= +0.03y. mE 


These figures show that the observed and computed values agree much beyond 4 
the observational error of temperature coefficient determinations, which 1, 18,jor 7 
average temperature gradients, about + 0.5 gammas. 


III. Errect or CHANGES IN MaGnetic LATITUDE 


When a magnetometer that is adjusted for one magnetic latitude 
is taken to an area with a different vertical intensity, the magnetic system 
is readjusted by moving the bronze nut on the latitude spindle. As 
this spindle is made of invar, this does not affect the factor amp in equa- 
tion 15 very much. However, the difference in vertical intensity enters 
with its full value in the factor —Zy. The change in gravity does not 
affect the reading or temperature coefficient to any noticeable degree. 

In order to compute the influence of latitude changes upon the 
temperature coefficient, only four steps are necessary: 


(1) Calculation of am from am = 7 X Zo =. 125 Ze. 
(2) Calculation of mr, from 


Mix, = AM — MeXa + Miki + MaiLat — MetLet OF 
mit, = am + 4.81 


(3) Calculation of 5m:2,, . 
(4) Calculation of amp from equation 18, in which everything remains | 
as before except 6m;21. 

The result of such computation is shown below for the same latitudes 
for which actual determinations of temperature coefficients were made 
(see section C-II-2). 

The results prove that a magnetic system which is compensated for 
Golden vertical intensity would have a temperature coefficient of —2.77 
for vertical intensities greater than that at the pole, a coefficient of +1y 
at Houston, a coefficient of +3.7y in Central America and of +6.1y 
in the northern part of South America. 

This is evidence that the system, although compensated for Golden 
latitude only, may be used without recompensation throughout a large 
part of North America. 

The variation of the temperature coefficient with latitude is shown by 
the graph, Fig. 7. The computed, not the observed, values are plotted. 


——  -— ew 


ie Oe 
¥ 


with an increase of latitude. 
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The graph shows that there is a linear drop of temperature coefficient 


Table 1 shows the results of the computed temperature coefficients 


‘compared with the observed values; the average of the middle errors of five 
values is only +0.3 7, i.e., less than the observational error. However, 
four out of the five observations are larger than the computed values, 
so that there is a possibility that » is somewhat too great. 
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Fig. 7.—CHANGE OF TEMPERATURE COEFFICIENT WITH LATITUDE. (CoMPARE WITH 
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Tassie 1.—Comparison of Calculated and Observed Temperature Coefficients 


for Various Latitudes 


Mechanical . Temperature Coefficient 
. Coefficient, Magnetic f 
Approximate Locality Zo gamp a 
~"M aif Computed Observed 
Value greater than at North 
Pole; Kursk-anomaly 
magnitude........----- 0.7286 +7.37. | —10.06 —2.7 —1.6 
ee _— 
Golden, ‘Oiclttaee tae 0.5310 +7.40 = 7.33 +0.1 0.0 
|. aa 
Houston, Texas.......---- 0.4556 +7.41 — 6.29 +1.1 +1.6 
SS SSE EE eee 2 = 
Nicaragua....--.---++++- 0.2744 +7.44 — 3.78 +3.7 +4.7 
Oe ae ee 
Amazon River.......----- 0.1007 +7 .46 — 1.39 +6.1 +6.7 
ae Ee el ee 2 2ak | 
Gauss OY Y | Y 
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IV. Errect or CHANGES OF ScaLy Vauun 


given that there should be an effect of scale value changes on the tempera-_ 
ture coefficient, if the latter is expressed in gammas. 

However, if the threaded hole, in which the scale-value screw moves up 
and down, is not at right angles to the magnetic axis of the system, a 
change in a is produced when the scale value is changed. 

How great this change is can be readily determined by experiment. 
If, for instance, the reading is 2 scale division (from center) and the scale 
value 30y, the field is 60y. If, then, the scale-value screw is moved 
up to a scale value of 15y, the reading should now be four scale divisions. 
However, if a horizontal displacement of the center of gravity took place 
as the screw was moved up (the threaded hole not being vertical), the 
reading probably will not be four scale divisions, but will be different 
from four, say five. In other words, for 307 scale value €) X So = 607; 
and instead of being 60y for the 15y scale value, «S is now 75y. If we 
call the original e9So = 607 = AZ, the displacement in the center of 
gravity Aa is proportional to the difference 75y — 60y or «eS — AZ, 
since 


es = Z— a | [19a] 


M 
Aa = = (es — AZ) [190] 


An experiment such as just described may readily be made, starting 
out with large scale values and small deflections, computing e9S) = AZ, 
changing the scale value to smaller values and observing the corresponding 
readings S. Then for any scale value, eS should be constant and equal to 
AZ if there is no lateral displacement of the center of gravity when the 
scale-value screw is moved. The values obtained by an experiment of 
such nature in Golden are shown in Table 2 

The resultant changes in temperature coefficients may be readily 
computed by substituting the «eS — AZ (or «eS — Z, as AZ = Z — Z,) 
values directly in equation 15, using equation 19a, 


or, T.C. = p(e&S — Z) — Zu [20] 
This transforms readily into equation 15a when S = 0 (reading 20), 


for then Z = Zp. 


Equation 20 shows that the temperature coefficient increases with 
scale value, if ¢S, instead of remaining constant, increases with a decrease 
in scale value (Fig. 8). 

This has been observed for the investigated system. In other words, 
in this system the angle between the threaded hole and magnetic axis was 


190 oe 4 (iw : 
As stated before, it does not follow from the equations previously — 


i = ot 


"=. 


Cc. A. HEILAND AND W. E. PUGH 351 


smaller than 90° on the south side of the system, or a was decreased when 
the scale-value screw was moved up. 

For another magnetic system, the opposite is equally possible; for, 
when the angle between the north side of the needle and the threaded hole 
is smaller than 90° an increase of a would correspond to an increase of 
sensitivity; that is, the product «S would become smaller and smaller. In 
that case, a decrease of the temperature coefficient with increase in 
scale value, instead of an increase, will be found. 

It is also seen from equation 20 that the change in temperature coeffi- 
cient with scale value must be dependent upon the magnetic latitude. 
For a change in a brought about by a change in « is larger in proportion to 
a in low magnetic latitudes than in high latitudes. Consequently, the 
increase in temperature coefficient with scale value is much greater for low 
magnetic latitudes than for high latitudes. 

Table 2 shows the results of a computation of temperature coefficients 
as a function of scale value, made for both high and low latitudes. The 
computations are based directly on the observed and adjusted values for 
«S; that is, the change of reading when the scale value is changed, but the 


TaBLE 2.—Temperature Coefficients as a Function of Both Scale Value and 


Latitude 
GOLDEN ; Amazon RIVER 
Values used: p = —13.94 —74.07 
pZ = — 7.36 teal 
ee OS Se ast a 
Observed Values p(eS — Z), Temperature Coefficient, y 
St 6,7 eS, ¥ Golden | Amazon River | Golden Amazon River 
22.7 80.8 218 +7.40 +7 .46 +0.04 +6.05 
24.3 65.0 280 +7.39 +7.41 +0.04 +6.00 
27.1 48.4 345 +7.38 +7 .36 +0.03 +5.95 
30.2 37.9 386 +7.38 +7.33 +0.02 +5.92 
36.1 26.6 430 +7 .37 +7.30 +0.02 +5.89 
51.2 Th, 2 474 +7 .37 +7.27 +0.01 +5.86 
54.5 13.9 480 +7 .36 +7 .26 +0.01 +5.85 


Ss ea ee ee ee ee a oan 


vertical intensity is left constant. In the middle columns, the 
“mechanical” coefficients in y are shown for two latitudes and seven 
scale values; subtracting from this the Zu values from Table 1 or the 
“magnetic” coefficient for the two latitudes, the temperature coefficients 
shown in the last columns are obtained. 

These temperature coefficients are represented graphically in Fig. 8. 
It is clearly seen that the change of the T.C. with scale value is greater for 
low than for high latitudes; also, that the changes are much below the 
observational error for high latitudes. For low latitudes, if accurate 
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determinations are made, the change in temperature coefficient w: 
value is noticeable. However, the actual curves (Sec. C-II-3) 
show such a regular trend as the computed values. At any rate, the 
increase of the coefficient with scale value can be recognized in some of the 
curves (Fig. 14). The reason for some of the deviations probably is that 
the change of the T.C. with scale value is in most cases very close to the 
observational error. That there is a detectable change is, without a — 
doubt, seen from the curves shown in Fig. 12; for if there were no increase © 
of the T.C. with scale value, all the curves ‘ore should coincide. 
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Fig. 8.—TEMPERATURE COEFFICIENTS AS FUNCTION OF SCALE VALUES AND LATITUDES. 


V. Errect or CHANGES OF DEFLECTION OF THE SYSTEM 


It has been stated repeatedly that in this theory the temperature 
coefficients were computed for the central part of the scale. 


That is to say, for any latitude, the a has been computed from the 
0 


relation a = If the reading is different from 20, Z differs from Zo 


by the amount ¢S and the change in temperature coefficient is simply 
—eSy, as the “mechanical” coefficient remains constant. Therefore, for 
readings greater than 20 a positive T.C. is smaller, a negative T.C. is 
greater than the T.C. for a reading 20. For readings smaller than 20, 


a positive T.C. is greater, a negative T.C. is smaller than the coefficient 
for the reading 20. 
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next column. Then follow the T.C.’s for three scale values and four 
readings. The influence is the same for all latitudes.. The deviations 
are somewhat larger than the observational error if great precision is used, 
for the extreme readings —20 and 60 for the scale value 30y and for all 
readings for the scale value 907. It should be remembered, however, . 
that scale values of 90y are seldom used; if so, they are used because the 
magnitude of the anomalies require it, and then any temperature correc- 
tion, particularly if it is small, is neglected. In addition, for the custom- 
ary scale value of 307, the scale is usually not read on the extreme ends. 
Therefore, it may safely be stated that the influence of the scale reading 
upon the T.C. may be disregarded for practical purposes. 


C. EXPERIMENTAL RESULTS 
(W. E. Pues) 


The primary object of this investigation was to test the temperature 
compensation of a new magnetic system for Schmidt magnetometers and 
to ascertain whether changes in latitude setting or scale value affected 
the compensation. 

As the work progressed, numerous complications arose which necessi- 
tated a great deal of detail work, unforeseen at the time the investigations 
were started. That is, the original intention was to obtain all of the 
observational data mechanically (by photographic means) in order to 
maintain proper accuracy with a minimum amount of manipulative effort. 
The preliminary work proved to be of such a nature, however, that many 
observations were obtained visually to save both time and expense, 
hence a great amount of detail was necessary to secure a reasonable 
accuracy in the results. 

That this detail was worth while is shown by the really remarkable 
agreement between theory and observations. Furthermore, the results 
brought about an elaboration of the general theory of Schmidt magneto- 
meters and verified many theoretical considerations not previously tested. 


I, PRELIMINARY INVESTIGATIONS 


1. General Arrangement of Apparatus 


Fig. 9 shows the set-up of the apparatus for photographic recording 
of temperature change and diurnal variation. A is the photographic ~ 
recorder; B, magnetometer for registering change due to temperature 
and housing the new type magnetic system which was tested for tempera- 
ture coefficient; C, magnetometer for registering diurnal variation; D, 
coil for scale-value determination; EZ, rheostat, switch and milliammeter 
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for scale-value coil; F, wires leading to heating coil; G, transformer and 
rheostat for adjustment of heating element; and H, auxiliary magnet for 
latitude control. The magnetometer tripods were placed on a thick con- 
crete base to prevent vibration. 

The photographie recorder was equipped with a straight filament, 
6-volt, electric lamp to furnish the light rays to the mirrors in the recorder 
attachments of the magnetometers. The recorder was set for one revolu- 
tion every two hours. Description and instructions for the operation of 
this type of recorder (Askania) are given by Heiland.?° 


Fig. 9.—ARRANGEMENT OF APPARATUS FOR TEMPERATURE TESTS. 


In order to maintain nearly constant temperature conditions with 
respect to the variation recording instrument, a fan of the blower type was 
installed in the laboratory. 

Precautions were taken to keep the magnetic conditions as stable as 
possible. Even so, troublesome variations were encountered due to 
unavoidable surges in the current of the electric lighting system and to the 
proximity of an interurban trolley line. 

Heating Element.—The heating element was built by Charles H. Hull, 
instrument maker at the Colorado School of Mines. It consists ofa high- 
resistance coil of fine platinum wire enclosed in brass, and so arranged 
that its base fits into the tripod head while at the same time the magnet-’ 
ometer may be properly oriented and clamped in position. The plug in 
the base of the magnetometer is removed and the part containing the 
heating coil fits snugly into the hole. This type of heating device has 
been found to be decidedly superior to the old type of heating box in that 
a more constant temperature gradient can be secured, Also less time is 


10 CG. A. Heiland: Directions for Use of Vertical Field Balance, 10-12. Askania- 
Werke, Geo. 72E-D, 1927. 


required to raise the temperature the desired amount. Again, ri 
of temperature and of the magnetometer are much easier to take whe 
making visual observations. . 


2. Arrangement for Recording Variation 


The magnetometer C used for recording magnetic variation contains 
an old type magnetic system. This instrument has seen considerable 


field service and under numerous tests has been found to have a constant 
scale value and a fairly low temperature coefficient (0.1+ scale divisions 
per degree Centigrade at a scale value of 29y). Furthermore, nearly 
constant temperature conditions were maintained in the laboratory during 
experimental work (see above). The recorder attachment contains one 
45° adjustable mirror which reflects the position of the balance system on 
the photographic film. 


3. Arrangement for Recording Temperatures 


The mirror attachment on magnetometer B contains three mirrors; 
one adjustable 45° mirror which gives the position of the magnetic system, 
one attached to the case for a base-line record and one attached to a 
Bourdon tube thermometer for temperature recording. The last two 
may be moved either up and down or to the right and left for adjustment 
of the light rays. 

The standardization of the Bourdon tube was accomplished simply 
by heating the instrument and recording visually the temperature given 
by the case thermometer while the temperature record of the tube was 
being photographed. Thus, a scale value in degrees per millimeter of 
displacement from the base line on the film was obtained. Care was 
taken during the various experimental tests to check this scale value, as 
the repeated heating and cooling of the instrument seemed to create ten- 
sions in the Bourdon tube, which caused some variation in the scale value. 

Determination of Time Lag.—The case temperature readings were 
plotted on the photographic record and from a comparison of the curves 
the lag of the Bourdon tube behind the case temperature was computed 
to be approximately 14 min. It did not seem probable that the Bourdon 
tube represented the temperature of the magnetic system because of the 
difference in their thermic and elastic properties. At the time, the 
magnetic system tested was adjusted for Golden latitude and com- 
pensated for temperature change; hence the change in reading due to 
temperature change was so small that it was impossible to determine the 
lag of the system behind the case temperature. To get an idea of the 
magnitude of this lag a test was run with an old type system which had a 
large temperature coefficient. This lag was computed to be about 
10 minutes. 


io on 
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Later, as tests on the new system were made at lower latitude 
settings, the temperature effect became large enough to compute its lag, 


- which was found to be 6 min. Herein, we have an added advantage of the 


new magnetic system. The reduction in the lag of the magnetic system 
behind the case temperature is probably caused by the fact that the 
new system consists, in the greater part of its mass, of one material, and 
has, on account of the use of a frame instead of a cube for its central 
support, a greater radiating surface. In field operation the new system 
will give more accurate results because the lag behind existing tempera- 
ture conditions has been reduced to nearly one-half of its former value. 
Fig. 10 shows a diagrammatic representation of the temperature lag 
relation and some of the photographic records used in this determination. 
Since the magnitude of the time lag 1s dependent upon the temperature 
gradient, as is the temperature coefficient, an effort was made to maintain 
a constant gradient throughout all the experiments. For all practical 
purposes, this was accomplished. The gradient used was 1.7° C. per 


5 minutes. 


4, Method for Scale-value Determination 


The scale-value determinations of the magnetic systems had to be 
recorded photographically in order to get the calibration in terms. of 
gammas per millimeter of the film. ‘The coil, shown in Fig. 9, was used 
in preference to auxiliary magnets, because of increased ease of operation 
and greater accuracy. 

This coil, developed by Keiser, is based on the principle of the Helm- 
holtz coil and produces a fairly homogeneous magnetic field at its center. 
Current supplied by a dry cell, controlled by a rheostat and measured by 


‘a milliammeter, is sent through the coil, and causes a certain deflection. 


By reversing the direction of the current, the field is reversed and an 
equal deflection occurs in the opposite direction. 

Actually, there are two coils in the coil box, one of which produces 
a stronger field than the other and thus furnishes an additional check. 
The coil constants were 173.2y per milliampere for the small coil and 


’ 364.5 for the large coil. 


The formula for the seale value is 
2KI 


Saas Ss 


in which « is the scale value, K the coil constant; J the current in milli- 
amperes, and Si, S2, the deflections of the magnetometer. 

Fig. 11 shows a photographic record of scale-value calibration for the 
variation instrument and the test instrument. 

Effect of Misorientation on Scale Value.—Here, an interesting com- 
plication arose. Because of the fact that the concrete base was not 
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oriented in the north-south direction, it was necessary that the magnet- 
‘ometers be oriented at an angle to the customary east-west position in 
order to get their simultaneous records on the film. i 


Up to this time, it had not been shown that orientation affected scale 
value. Such proved to be the case and, in light of this knowledge, there 
was no difficulty in showing that this change in scale value is a function of 
the angle of misorientation, the horizontal intensity and the focal distance 
of the optical system. In other words, 


A sin 6 
Oa Ne say be 


where €g-w is the scale value when properly oriented, H the horizontal 
intensity, f the focal distance and 6 the angle of misorientation. 
This formula was found to be correct by experimental tests. 


5. Method for Changes of Latitude 


In the new system the latitude adjustment is much more readily made 
than in the old system. The latitude screw is situated on the south-pole 
side of the magnetic system, as is the center of gravity (for instruments 
to be used in the northern hemisphere) ; hence, a movement of the screw 
towards the south pole compensates an increase in Z, and a movement 
towards the north pole compensates a decrease in Z. 

To simulate changes in latitude (Z increasing positively from 
equator to pole) standardized auxiliary magnets were used in the first 
Gauss position. 

To avoid any effect of temperature on the standard magnets, which 
had to be placed rather closely to the heating element, a bar magnet of 
large magnetic moment was used instead of the auxiliaries after the 
desired latitude adjustment had been made (Fig. 9). 

In the temperature coefficient determinations, the following values, in 
gammas, of the vertical intensity were used: 72,860; 53,100; 45,560; 
27,440 and 10,070. These values represent a change of Z within the 
usable range of the vertical magnetometer and are for localities defined 
earlier in the paper (p. 19). 

Determination of Effect of Latitude Change on Scale Value.—Theoret- 
ically there should be no change in scale value with change in latitude; 
dependent, of course, upon an accurate horizontal placement of the 
latitude spindle. To verify this, tests were made of all scale values used 
in the experiments at the various latitude settings. For all determina- 
tions no appreciable change could be noted, thus checking the theory and 
complimenting as well the precision work of the manufacturers. 

Table 4 of observed data demonstrates this fact very clearly, since the 
variation in scale value is certainly within the range of observational error. 
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TABLE 4.—Observed Data 2 


‘= d i a — 


Latitude Setting Scale Value, y per Mm. 
72,860 “14,9 3.9 
53,100 . 14.3 3.9 
45,560 14.2 3.9 
27,440 14.2 3.9 
10,070 14.1 3.8 


6. Method for Changes in Scale Value 


Scale value or sensitivity changes are accomplished by a vertical move- 
ment of the screw on the under side of the magnet system; raising the 
screw decreases the scale value or increases the sensitivity. 

Experiments show that, for the new magnetic system, one complete 
revolution of the scale-value screw changes the telescope scale value by 
approximately 5 y per scale division throughout the entire range of 
scale values. 

The scale values used in the temperature coefficient determinations 
were 4.1, 7.7, 14.6 and 18.3 expressed in gammas per millimeter of the 
photographic film. These values represent telescope scale values, if 
the instrument were oriented in the east-west position, of 16.0, 30.0, 56.9 
and 71.3 respectively. 

Determination of Effect of Scale-value Change on Latitude——The next 
test necessary was to ascertain whether a movement of the vertical screw 
(change in scale value) produced any change in apparent latitude. A 
small effect was noted, which should be included in the base correction 
in field procedure. 

A change in telescope scale value from 80.8 y to 13.9 y produced an 
apparent increase in Z of 262 y. (Refer to the theoretical discussion by 
Dr. Heiland on page 350.) This variation is due probably to the fact 
that the axis of the screw hole is not exactly vertical. Its value must be 
ascertained separately for each instrument. . 


7. Determination of Magnetic Moment of System 


This determination was made very simply by placing the magnetic 
system in its wooden box vertically below the variation magnetometer 
and noting the change in deflection caused by reversing the poles. The 
tests were made at various distances to furnish checks on the results. 

An average of a number of determinations gave the magnetic moment 
a value of 1225 C.G.S. with a middle error of +0.1 C.G.S. 

Determination of Temperature Coefficient of Magnetic Moment of 
System.—In order to compute the theoretical values of the temperature 
coefficient of the magnetic system, it was necessary to determine experi- 
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mentally the magnetic effect of temperature change; that is, the tempera- 
ture coefficient of the magnetic moment of the system. 

To do this, the magnetic system was placed, in arrested condition, in a 
vertical magnetometer box and was used in first Gauss position with 
reference to a horizontal magnetometer; the deflection of the latter was 
noted while the former was being heated. 

An auxiliary magnet was used to balance the magnetic system of the 
horizontal magnetometer in the zero or vertical position. : 

Extreme care was exercised in orienting the instruments along a line 
parallel to the magnetic meridian and also to make the line through the 
centers of the magnets horizontal. The magnetometers were placed as 
close together as possible, so as to cause a large deflection when heat was 
applied and thus reduce the effect of any observational error. 

In such a determination the temperature coefficient of the magnetic 
moment is given by the formula 

dF 
“Fa 
hoe mao | 
: ret ; 3 : 
in which a8 the change in field strength produced by unit change in 
temperature and F is the total field before heat is applied. The value of 
was determined to be +0.000188. 

From the formula M, = Moo(1 — ué) the moment at any temperature 
@ may be found. It follows immediately from the formula that a rise in 
temperature produces a decrease in magnetic moment. 


Il. Tests oF TEMPERATURE CoEFFICIENTS 


With the completion of the discussion of preliminary investigations, 
we come to the temperature tests for which these experiments were 
originally begun. 

The actual procedure under which these tests were made consisted in 
adjusting the scale value, making all temperature tests for the various 
latitude settings, then changing the scale value and repeating the tests 
for each latitude. There is no reason to believe that the results would 
have been different if a somewhat different procedure had been followed. 

The discussion will take up (1) the determination of the temperature 
coefficient for normal conditions at Golden; (2) the effect of latitude 
change; and (3) the effect of scale-value change. 


1. Under Normal Conditions at Golden Latitude 


These tests prove conclusively that, under such conditions (e = 30.0, 
Z = 53,100), the temperature effect upon this new magnetic system 
has been almost completely compensated; we might say, as far as is 
humanly possible. To the field man, such an instrument would certainly 
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be an asset. Fig. 13b shows a fa he shoiimmphical recor D 


this determination. ears —— 4 wet 


2. Under Different Latitude Conditions 


While the temperature tests were being made for latitude change with: 
normal seale value, it was quite evident that the temperature coefficient 
was changing considerably; or, that T.C. = F(Z). At first, this was 


rather difficult to explain, as statements to that effect are not contained | 


in any of the previous publications on magnetometer theory. With the 
AS, of the theory to the new magnetic system, however, the reason 
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Fia. 12.—TEMPERATURE COEFFICIENT AS FUNCTION OF LATITUDE, FOR VARIOUS SCALE 
VALUES. 


for such variation of temperature coefficient with latitude is apparent 
(see Sec. B). 

Fig. 12 shows the observed temperature coefficient values plotted 
against latitude for three different scale values. The coefficients are also 
tabulated for four scale values. 

The results for high sensitivity (¢ = 16) are not plotted in the graph 
because, although they conform in general trend to the other values, 
one or two of the points are somewhat out of line and their plotting would 
only serve to obscure the other curves. 

The graph shows that the magnetic system tested could be used with 
a vertical intensity range of about 10,0007 without temperature correc- 
tion. That is, a system adjusted for zero coefficient where Z = 50.000 
could be used within an area in which Z varies from 45,000 to 55 000 
since any temperature correction of less than +1y per degree may ori 
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TaBLE 5.—Evaluation of Curves 
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Tabulation for Figure 13a; Temperature Coefficient —1.4 + 0.05 


ial Base 74.0 | 93.5 
1 74.5 | +0.5 | +2.0| 92.5 | — 1.0 — 18 | — 20) 66.5 14.5 
4 2 74.0 : 92.0; — 1.5 — 27, — 27) 83.0 18.0 
r 3 74.5, +0.5 | +2.0 92.0 | — 1.5 — 27 | — 29' 93.5 20.3 
’ 4 74.0 92.0} — 1.5 — 27) — 27) 101.5 22.1 
" 5 75.0 | +1.0 | +2.0 92.0 | — 1.5 — 27 | — 31) 104.0 22.6 
Tabulation for Figure 13b; Temperature Coefficient +0.03 + 0.03 
Base 72.0 94.0 
1 12.0 94.0 89.5 19. 
2 71.5 | —0.8 | —2 94.0 + 2) 102.0 22. 
3 69.5 | —2.5 | —11 93.0! — 1 =~ Si 4 3) 11220 24, 
4 72.0 94.0 | 118.0 25. 
5 71.5 | —0.5 | —2 93.5 | — 0.5 —- 4] — 2 120.0 26. 
Tabulation for Figure 13c; Temperature Coefficient +1.8 + 0.06 
Base 69.0 88.5 
1 70.0 | +1.0 | +4 91.0 2.5 + 37 | + 33) 81.0 17.6 +1.9 
2 70.5 | +1.5 | +6 91.5 | + 3.0 + 44 | + 88) 92.5 20.1 +1.9 ~ 
3 70.0 | +1 +4 91.5 | + 3.0 + 44! + 40) 99.5 21.6 +9. ’ 
4 69.5 | +0.5 | +2 91.5 | + 3.0 + 44 | + 42) 108.0 23.5 +1.8 ‘ 
5 70.5 | +1.5 | +6 9f.5 | + 3.0 + 44} + 38) 109.5 23.8 +1.6 + 
Tabulation for Figure 138d; Temperature Coefficient +4.7 + 0.05 
Base 52.0 78.0 
1 52.5 | +0.5 | +2 89.5 |}.+11.5| + 89] + 87} 82.0| 17.8 | +4.9 a 
2 62.5 | +0.5 | +2 91.0 | +13.0 +100 | + 98} 96.0 20.9 +4.7 
3 §2.5 | +0.5 | +2 92.0 | +14.0 +108 | +106} 105.5 22.9 +4.6 
4 52.0 93.5 | +15.5 +120 | +120} 117.5 2575. +4.7 
5 52.5 | +0.5 | +2 93.5 | +15.5 +120 | +118) 119.0 25.9 +4. 
Tabulation for Figure 13e; Temperature Coefficient +6.4 + 0.13 
Base 74.0 93.5 | 
1 74.5) +0.5 | +2 122.0 | +28.5 +117 | +215) 90.5.7 19.6 +5.9 
2 75.0 | +1.0); +4 132.5 | +39.0 +160 , +156} 108.0 23.5 | +6.6 
3 75.0; +1.0] +4 135.0 | +41.5 | +170 | +166! 116.0 25.2 +6.6 
4 75.0 |} +1.0 | +4 136.5 | +43.0 | +176 +179! 124.0 27.0 +6.4 
5 76.0 | +2.0 |} +9 139.5 | +46.0 +189 +180 130.0 28.3 +6.4 
eee eee eee 
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Also, the temperature coefficient of any one system of this type may 
be reduced towards zero from either a negative or positive value by a 


- proper movement of the spindles or screws. Such work should be done 
only by men thoroughly acquainted with the theory and experienced in 


adjusting magnetic systems. 
~ Photostats of some of the photographic records are given in Fig. 13 
and the tabulated evaluation for these curves is shown in Table 5. 


3. Evaluation of Records 


In order not to make this paper unduly long, details as to the pro- 
cedure followed in the evaluation of the records have been omitted." 

In Table 5, columns 1, 2, 4, 5 and 8 are in millimeters; 3, 6 and 7 
are in gammas; 9 is in degrees Centigrade; and the last column gives the 
temperature coefficient in gammas per degree Centigrade. The tempera- 
ture calibration was 4.6 mm. per degree for the records shown. The 
seale value of the diurnal variation instrument was 4.3y per millimeter. 


4. Under Different Scale Values 


After the evaluation of the curves was begun, it was noticed that 
the temperature coefficient seemed to vary with scale value. This 
change was discussed earlier in this paper (pp. 342 and 350). Unfortu- 
nately, in this instance, we do not get as accurate a check with the theory. 
This is due, no doubt, to the fact that the change, theoretically, is within 
the limits of observation error. 

That there was a change, however, brought about the tests which 
explained it. Furthermore, the graphs (Fig. 14) of variation of tempera- 
ture coefficient with scalevalue and Table 5 show clearly the general 
tendency of the temperature coefficient to increase positively with the 
scale value. This very evident relation does coincide with the theory. 

As suggested in the last section, the results that furnish the poorest 
check with the theory are those connected with high sensitivity. Pre- 
vious experience has shown that observations with magnetometers of 
this type set for high sensitivity are often unreliable, since the condition 
of instability of the magnetic system has been approached. 

Finally, this variation of temperature coefficient with scale value 
is of little practical importance. The change is due to an apparent 
increase or decrease in Z, and if this is not greater than the value given 
in sec. B-IV the temperature effect may be neglected. The change in Z, 
however, must be taken care of in the base correction in field procedure. 


11 See W. E. Pugh: Temperature Compensation on a New Magnetic System for 
Schmidt Vertical Balances. Thesis, 1932, Colorado School of Mines. 


A NEW COMPENSATED MAGNETOMETER SYSTEM 


5. Possible Sources of Error ai ss 


Visual tests were made to ascertain whether or not the orientation 
of the magnetometer had any effect. Provided account was taken of — 
the change in scale value, no appreciable change in the temperature 
coefficient could be found, regardless of the angle of orientation. ——- 
The experiment subject to the greatest error was probably that of — 
determination of », the temperature coefficient of the magnetic moment 
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Fic. 14.—TEMPERATURE COEFFICIENT AS FUNCTION OF SCALE VALUE, FOR VARIOUS 
LATITUDES. 


of the system, because of the difficulty in setting up the apparatus 
accurately. Hence most of the discrepancy between theoretical and 
observed coefficient may be charged to an error in the value of yw. It 
seems probable, then, that the observed values in most cases are more 
nearly correct than the theoretical. 

Other sources of error lie in the distribution and induction coefficients, 
which were neglected and may have had some effect. 

It is believed that the results of the temperature tests are as accu- 
rate as could be obtained under the circumstances. The values of 
the coefficients certainly are within the usual observational error of 
such experiments. 
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SUMMARY 
(C. A. HEILAND) 


The angle of deflection in magnetic intensity variometers indicates 
a balance between the magnetic force component to be measured and 
another known force, which is either (1) of a magnetic, or (2) of a mechan- 
ical nature (torsion of wires, gravity moment). Only in the first case 


~ ean the influence of temperature be avoided, as the temperature coefficient 


of the needle cancels; in the second case, a compensation for temperature 
is possible, as its magnetic effect can be partly neutralized by an opposing 
“mechanical” effect. Although the magnetic effect is usually reduced 
as much as possible by using systems of great moment, as a rule it remains 
greater than the mechanical effect. Then additional compensation is 
required, which may be of a magnetic (auxiliary magnet) or of a mechan- 
ical nature (temperature affecting torsion of suspensions or the position 
of the center of gravity, etc.) In vertical magnetometers, the last type 
of compensation is used mostly. In the old type of Schmidt balance it 
was accomplished by shifting the blades; in the new system, by suitably 
arranged temperature and latitude spindles. 

The theory of the temperature effect on a magnetic system is given 
in two parts. First, the magnetic temperature coefficient only is con- 
sidered, in its effect on scale value and reading. The magnetic T.C. 
of the scale value is negligible (= ue), « being the temperature coefficient 
of the magnetic moment. The magnetic T.C. of the reading is very large 
(T.C. = —pZ), proving that the T.C. depends on the latitude. 

Second, the combined “mechanical” and ‘“‘magnetic”’ -effects are 
discussed. For the T.C. of the scale value: T.C. = (6 + pe, 6 being 
the expansion coefficient of steel, the T.C. of the scale value is again 
negligible. For the temperature coefficient of the reading, T.C. = 
—Z(p +n), Zo being the vertical intensity for which the system is 
adjusted, p representing the ‘mechanical’? temperature coefficient; 
it may be made negative and equal to » by a suitable arrangement of 
the masses in the system. 

There is an influence of latitude upon a compensated system, as Zp 
remains practically constant, but —Zy changes. The temperature 
coefficient, therefore, increases with an approach of the equator. The 
change is not very great; a system compensated for Golden may be used 
without readjustment practically throughout the United States. 

If the T.C. is expressed in gammas, changes in scale value should 
not affect it; however, there may be such an influence, if a change in 
the e-screw changes the lateral position of the center of gravity. In the 
magnetic system investigated, the T.C. increases with scale value; the 
increase is small for high, great for low magnetic latitudes; yet, in both 
cases close to the observational error. The theory shows also that, if 
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Computations of T.C. based upon the theory as outlined aes been 
checked by the experiments with an accuracy of +0.3y and less. 

The proposed experimental work required a number of preliminary — 
investigations, such as the determination of the magnetic moment of a 
the system and of its temperature coefficient, investigations into the most _ 
suitable procedures for changing temperatures, scale values and latitudes. | 
It was found that the simultaneous recording of the magnetic varia- 
tions was required, which in turn necessitated a fairly constant tem- 
perature in the recording room. For the accurate determinations 
of temperature coefficients, arrangements had to be made to use always 
the same temperature gradient in order to obtain comparable values for 
different scale values and latitudes. The amount of lag of the reading 
behind the recorded temperature was accurately determined for the 
gradients employed. . 

Numerous temperature curves were recorded for normal conditions 
at Golden, for different latitudes varying between vertical intensities 
near the magnetic equator and intensities exceeding Z at the pole, and, 
finally, for different scale values. 

The results are shown graphically, and are in close accord with thé 
theoretical deductions. They show a decrease (Fig. 12) of the tempera- 
ture coefficient with increase in latitude. 

It is concluded that the new magnetic system gives reliable results 
for a great variety of latitude, scale value and temperature conditions. 
The derivation of the complete theory makes it possible to determine 
accurately the influence of any changes in these factors upon the T.C., 
and to calculate the change in T.C. for any changes in the distribution 
of the masses of a magnetic system. 
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A Magnetic Gradiometer 


By Irwin Roman* anp Tuomas C. Sermon,t Hoveuton, Micz. 
(New York Meeting, February, 1934) 


Iv has been known for many years that when a wire is moved in a 
magnetic field, an electromotive force is developed which is proportional 
to the rate at which the wire is moved in a direction perpendicular to 
the magnetic intensity and to the magnetic intensity itself. If the ends of 
the wire are connected to a current indicator, the current behaves exactly 
as though the source of electromotive force were a galvanic cell. Ifa wire 
is wound circularly and rotated uniformly _ 
around a diameter not parallel to the 
intensity, the current flowing through 
the wire will be alternating of sinusoidal 
shape. If, instead of a single loop, there 
are several turns wound in a short helix, © 
the electromotive force developed will 
be approximately proportional to the 
number of turns, the area of the helix % 
and to the speed of rotation. The maxi- 
mum electromotive force will be devel- 
oped when the axis of rotation is perpen- 
dicular to the field; if this is not so, only 
the component of the intensity that is 
perpendicular to the axis of rotation is : 
effective. This is the principle of the ** 
usual earth inductor. With afew turns © 
of wire and comparatively slow rotation, 
it is possible to produce a considerable deflection of a galvanometer. 

If two similar coils are rotated together at two different points for 
which the magnetic field intensities perpendicular to the axes of rotation 
are different, the electromotive forces developed will each depend on its 
corresponding intensity and be a measure of that intensity. If the inten- 
sities are sufficiently different so that the electromotive forces may be 
compared, the two intensities may be compared. - This is the principle 
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there has been no nore cae on ‘th an ee a all peeua wi 
having been done with a single instrument moved from one point to. 
another. The present instrument has been constructed to test the possi- im 
bilities of the method and not to investigate the refinements. The a 
instrument, a photograph of which is shown in Fig. 1, was constructed 
during the summer of 1933. Use was made entirely of materials that were 
on hand and parts were designed during the course of construction with 
special reference to the machines and tools available in the shops of the 
Michigan College of Mining and Technology. As will be seen later, many 
individual items of design will require more careful consideration in 
order to bring the instrument to even an approximate state of refinement. 
Field tests indicate that in its present form the instrument is not only 
reliable but is more sensitive than the authors had expected. Personal 
equations have been reduced and observations have been repeated with 
close agreement, even after several weeks. 


Circuit 


In order to compare the electromotive forces generated in the two 
coils, it is necessary either to measure each electromotive force separately 
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Fig. 2.—SIMpuLiFIED CIRCUIT. 


or to measure some quantity which is determined by and which 
determines the degree of inequality. Because of the small electro- 
motive forces developed, and more especially because the electromotive 
forces depend on the speed of rotation, it did not seem feasible 
to attempt the measuring of the separate electromotive forces with 
a view to calculating the differences. Similarly, the algebraic sum 
and difference of the two electromotive forces would determine the 
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separate electromotive forces if the speeds could be maintained accurately 
constant, but this condition seemed too difficult of accomplishment 


within the necessary limits of tolerance. Accordingly, a circuit was 


devised which would measure the ratio of the two electromotive forces. 
This circuit is shown diagrammatically in its simplified form in Fig. 2. In 
the actual circuit, shown in Fig. 3, a reversing switch is used to help 
eliminate inaccuracies in the resistances used. In its simple form, the 
circuit consists of a Kirchhoff net with six elements. The two coils of 
which the electromotive forces are to be compared are connected by 


Resistance Box 
7] 


fe] 
Galvanometer 


Fie. 3.—AcTUAL CIRCUIT. 


the corresponding leads joined at the point A, with the other end of 
each coil connected to two resistances in series, the farther ends of these 
resistances being connected at D. The point D is connected to the 
point A by a wire of negligible resistance. The galvanometer or other 
current indicator is connected between the points B and C, separating 
the two resistances of each branch of the network. 


Equations of Balance 


Since A and D are at the same potential, the electromotive force 


- developed by the coil C1 (Fig. 2) is: 


a= a(ri +7r3+ r’) 
where r’ is the resistance of the coil C1 itself, 7, is the current through 
that branch of the network when the circuit is balanced and no current 


Se ee Se eee Cae 


flows through the nice G. Similarly, the eleci 
developed by the coil C2 is: 


ex = ire tra t 1”) 


Since B and C are at the same potential, it follows that: 


dirs = tef4 
Hence the ratio of the two electromotive forces is: 


és _ (rs)(r2 +r +7") 
e1 (ra) ry 49a) 


which depends only on the resistances in the circuit when no current 
flows through the galvanometer. If a galvanometer could be made to 
follow the fluctuations in the potential difference between B and C, as 
in the Rosa Curve Tracer, the balance would furnish the instantaneous 


ratio. Actually, the ratio is an integrated ratio and if C; and C2 are © 


not in the same phase, the galvanometer mirror or needle will fluctuate. 
The circuit itself is limited in sensitivity only by the accuracy with 
which the resistances are known, the sensitivity of the current detecting 
device and the method of contacting the coils. 


Sensitivity of Circutt 


If the circuit is not balanced, a current 7, will flow through the 
galvanometer. For definiteness, let the currents flowing through the 
various elements of the net be positive when in the direction indicated 
by the arrows in Fig. 2. Then, neglecting the resistances of all lead 
wires, connections and switches, the equations of the circuit are: 


At B: 3 =%1+ 7%, 

Ato: 12 = V4 + ZS 

Through ABDA: €: = tari + tir’ + Ars 
Through ACDA: €2 = tga + tor”? + tang 
Through CBDC: tar, = lat. + 1313 


Since ¢1, ¢. and the resistances may be considered as known, there are 
thus five equations in the five currents. Eliminating all of the currents 
except 7,, this system of equations leads to the relation: 


i, oa Arg — Ae, 
oe 

where 

tel Fie 2 mA 4 

mortrs erp, 

J = 17, + ar(ri + 7’) + ao(re + vr”) 
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6g = @1 +- —4, 
Ae a2 


The first term is the value of ¢2 for a perfect balance, while the second 


term shows the increase in ¢2 necessary to cause a current 7, to flow 


through the galvanometer and is independent of the value of e,. This 
second term is a measure of the tolerance in ¢, when the circuit is bal- 
anced experimentally. 

As a numerical example of the sensitivity, assume: 


rf =r’ = 19, r3 = 7, = 481, 11 = 500, 
r, = 300 and write r2 = 500 + 2 
For definiteness we may assume all resistances to be measured in ohms, 


currents in amperes and electromotive forces in volts, but any self-con- 
sistent system of units may be used. For the case selected, we have: 


yim 481 mre 481 
*~ 1000 2 ~ 1000 + 2 
os (481)(519) , (481)(519 + 2) 
P= 00 71000 +7000 + 2 
J _ (300)(1000 + x) , (1000 + 2)(519) 
ae 481 + 1000 19-2) 


ll 


1661.7 + 2.14272 


For a given value of ¢; the value for e: for balance is 


e 
ep = (3 + i000) 

and the tolerance is (J/a2) I where J is the least detectable current through 
the galvanometer. Thus the ratio of €, to e; may be determined with a 
tolerance of JI/(a2e1) which decreases as ¢; increases. For small values of 
z, which means values of rz near 500, and for I = 10-8, the value of JI/a2 
is about 1.66 X 10-8. For e, = 0.01, the tolerance in the ratio e:/é: is 
1.66 X 10-3, or slightly less than two parts inathousand. For values of 
rz less than 500, the tolerance is smaller than this value and for values of 
ry larger than 500, the tolerance is larger, but it remains less than two in 
a thousand unless rz exceeds the value 658, corresponding to a value 
1.158 for ¢:/e:. This conclusion is in agreement with the actual experi- 
mental observations. Actually, the galvanometer used will detect a 
current of about 10~° amp. under favorable circumstances, but the authors 
have preferred to be conservative in their interpretations, postponing the 
closer evaluations until a more refined instrument has been built and tested 
by actual field surveys. 

It was supposed at first that the building of a phantom circuit would 
be a short and simple task, but this was not the case. The first circuit 
tried replaced the two coils by two dry cells, but it was impossible to 
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effect a balance with any consistency. This was analyzed as due to the — 
fact that the dry cells were old and had deteriorated. Accordingly, ‘ 
new dry cells were selected from a shipment that had just arrived from the 
manufacturer. These eliminated the difficulty of effecting a balance, but 


the balance was found to be different at various times during the course of 


an afternoon, although the cells were on open circuit between readings, 
beyond a common junction at the point A (Fig. 2). While effecting a 
balance, a tapping key was used, so that only a very small amount of 
current was drained from the cells. Finally a phantom circuit was 
devised in which the coils were replaced by two one-ohm resistances in 
series, the potential drop across these two resistances, caused by a single ~ 
dry cell, being used as the electromotive forces to be compared. The 
resistances in parallel with the one-ohm resistances were so large that it 
was safe to assume that the current drain from the circuit was negligible. 
With this phantom circuit, the balance was quickly effected and the ratio . 
of the two electromotive forces remained constant over several days. 
The difficulties of building the phantom circuit illustrate the sensitivity 
and reliability of the circuit. 


PRESENT INSTRUMENT 


To test the theory qualitatively, the instrument shown in Fig. 1 was 
constructed with a view to an early completion rather than the best 
possible design. The materials were selected from those on hand and in 
many instances were manifestly not the best for the purpose. The 
dimensions were selected for strength rather than convenience and 
accordingly the present instrument is to be considered as experimental. 

The frame is oak with a square cross-section 14% in. on a side. The 
frame is about 5)4 ft. long and about 18 in. wide, as may be seen by com- 
parison with the man in Fig. 1. Near the center are two cross members 
and on each side of these cross members is a pair of diagonal bracings. 

Across the center is the main driving shaft terminating on one side in a 
handle for turning the coils and on the other in the main driving gear. 
Mounted on the side of the frame opposite the handle are two transmission 
shafts, each carrying a gear at each end. The main driving gear meshes 
with one of the gears on each transmission shaft and the gear at the other 
end of the shaft meshes with a gear rigidly fastened to the shaft of one of 
the coils. In this way, turning the crank handle results in turning the two 
coils at the same rate and by proper adjustment of the various gears, the 
two coils are maintained in parallel planes. 

The coils are mounted to rotate about axes accurately at right angles 
to the length of the frame and 4 ft. apart.. The coils are of oak, the inner 
diameter being about 9 in., the outer about 12 in. and the groove about 
in. deep and 1 in. wide. The two coils were made as nearly alike as 
possible and each was wound with 375 turns of No. 22 copper wire, cotton- 
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covered and paraffined; the entire coils were varnished to make 
them waterproof. 

Fach coil is connected to a commutator rigidly mounted on its shaft. 
The commutator is of the double type and arranged so that when the 
brushes are placed on the center sections it acts as a reversing com- 
mutator; when the brushes are placed on opposite outer sections, the 
commutator acts as a pair of slip rings. Thus, by properly arranging 
the brushes, either direct or alternating current may be taken from the 
coils. The brushes are of the usual carbon type and each is carried in a 
bakelite brush cup threaded through a brass brush block which may be 
set at any azimuth around the coil shaft. 

The tripods are of the usual transit type and each mounting base is of 
oak bolted to a brass plate carrying a shoulder threaded to fit the tripod. 
One tripod is used to hold the frame and circuit box while the other holds 
the galvanometer and serves also as a field table for recording 
the observations. 

The circuit box carries the four resistance boxes and the reversing 
switch. Each of the two coils is connected into the circuit by means of a 
telephone-type jack mounted in a bakelite panel on the top of the box; 
the galvanometer is similarly connected. The resistance rz consists of a 
four-dial decade box with a least count of 1 9 ohm; this is mounted in the 
upper half of the circuit box with its switch dials accessible on top. The 
resistances 71, 73 and 74 consist of three-dial decade boxes with a least 
count of one ohm; these are mounted in the lower half of the circuit box 
with the switch dials down and accessible by holes drilled through the 
bottom of the box. A false bottom screwed to the box protects the 
bottom of the box and permits easy resetting of the dials if desired. 
A slip cover protects the top of the circuit box when not in use. The 
reversing switch is mounted on the side of the box so that its bakelite 
rocking arm is flush with the side of the box when the switch is in the 
neutral position. 

The galvanometer is a Leeds & Northrup 2400A type, with a telescope 
and scale. The original suspension had been broken and the replace- 
ment suspension was such that the galvanometer had a sensitivity of 
about 10-* amp. per division; under favorable conditions, it has been 
possible to detect a current of the order 10-%. It was found convenient to 
remove the scale and to use a landmark for detecting a motion of the 
mirror, since the galvanometer was used as a null instrument. 


Fir~tp Work 


Procedure 


After a station has been selected, the gradiometer tripod is leveled 
and rotated so that the axis of the frame is in the magnetic meridian. 


magnetic field and in “tite center segment, the rasidldting saipatti ; 
the commutator being in the plane of the coil. In this way, the current 


through the galvanometer is a rectified current while that through the coil 


is sinusoidal alternating. The binding posts, which are connected to the 
brushes by means of flexible leads, are connected into the circuit by means 
of telephone plugs inserted into the corresponding jacks of the circuit box, 
and the galvanometer is similarly connected. The circuit box is placed on 
top of the frame with the switch opposite the operator who turns the 
crank, thus placing the controls of the resistance r2 on the near side of the 
circuit-box top. The galvanometer tripod is leveled and connected to 
the circuit box by a twisted cable. When stations are to be taken within 


Fra. 4.— Pats ace GRADIOMETER IN THE FIELD. 


200 ft. of each other, the galvanometer lead is made long enough so that 
one setting of the galvanometer is sufficient for all of the stations within 
that range; when stations are too far apart for this arrangement, the 
tripod for the galvanometer must be set up each time, and for these cases, 
the lead is made between 15 and 25 ft. long. 

After the apparatus has been set up, including the checking or setting 
of all connections, switches and brushes, the observer at the galvanometer 
signals the operator by voice or arm position when the galvanometer has 
come to rest. The operator rotates the coils slowly in order to get an 
approximate balance. The observer indicates whether the setting of re 
is too large or too small and the operator makes the adjustment accord- 
ingly. In this manner, the resistance rz is rapidly adjusted to a balance 
after which the operator calls the reading to the observer, who ice 
the value in the notes. This technique tends to eliminate observational 
prejudice. Next the reversing switch is thrown and a new balance 
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~ obtained, the purpose of this being to counteract errors in the resistances 


and to check, the readings. After these two readings are taken, the 
gradiometer is rotated 180° on the tripod head and the brushes reset. 
The two balances are then made as before, the purpose of this reversal 


being to eliminate the effects of differences between the two coils and their 


brush contacts. 

After making the four observations in the magnetic meridian, the 
brushes are set in the plane of the frame and the axis of the frame turned 
into the east-west plane. The four observations are then made in this 
plane perpendicular to the magnetic meridian. The eight observations 
constitute a complete set for the station. It is hoped that eventually 
the axis will be set in three mutually perpendicular directions, so as to 
obtain the vector gradient, but the present instrument is not adapted 
to such an arrangement. A photograph of the apparatus in operation 
is shown in Fig. 4.  % 


Calculation of Gradient 


As was derived in the section on the equations of balance of the circuit, 
the ratio of the two electromotive forces is: 


és _ T3(r2 + 1" + 14) 
é: rari +7’ +13) 


If rs; = 7rsandm +7’ +73 = M while rz = r: + 2, then the ratio simpli- 
fies to 

€2 zr 

ieaad at 
In actual use, the values of 7, rs and rs have been made equal to 500, 
481 and 481 ohms, respectively, while the measured resistance of each of 
the coils has been 19 ohms. For this case, M = 1000 and the calculation 
of the ratio ¢:/e, has been simplified. 

‘Let the axial plane be defined as the plane through the centers of 
coils of the gradiometers and perpendicular to the axes of rotation 
of the coils. Then only the components of the magnetic fields in this 
axial plane will be effective in inducing an electromotive force in the coils 
as they rotate. Let this component be U and let the center of symmetry 
be selected as the origin. If we expand the function U ina Maclaurin’s 
series, we have, to the first order: 


dU 
U — Uo + (30) 


If the distance between the axes of rotation of the coils is taken as unity, 
the coils may be considered as having their centers at —¥ and +4, 
respectively. We shall assume that the field is sufficiently smooth 


over the extent of the gradiometer so that its effective value over each coil 4 


is the same as its value at the center of that coil. Then, to the first order: 


1/dU dU or 

uipe vt (E), 1+ (a ; =f : 
i ee ae 62 y, ~ 2(¢U deuid 
\ 2\ dz /o ‘ 2\ dz /o = 


Neglecting the term Han with respect to Uo, this becomes: 


5 
Ur_y 4, 1 (au 
Unt o(@). 


The electromotive force developed is approximately equal to: 
e = 2xr?UwN X 10-3 volts 


where w is the number of revolutions per second, 
r is the effective radius of the coil, in centimeters, 

N is the number of turns of wire on the coil, 

U is the effective field for the coil, in Gauss. 
Hence we may write: U = ke/w where k is a constant for a particular — 
coil. Let the coils be identified by the symbols C; and C2, respectively. : 
Let the coil position be direct when the coil Ci is in a position selected 
as principal and let the reversing switch be considered as direct when coil S 
C, is in series with the resistance 71. As a matter of notation, we may 
use the symbols DD, DR, RD and RR, where the first letter refers to 
the coil position and the second to the switch position, D and R represent- 
ing direct and reversed, respectively. We shall consider the principal 
position as at +14 and always calculate the relative increase of the 
principal intensity over the secondary. Let e; represent the electro- 
motive force developed in the coil in series with the resistance r; and V; 
represent the electromotive force developed in the coil C;, while P and S 
will be used to represent the electromotive force of the coil in the principal 
and secondary positions, respectively. 

Then the four cases are: 


Pry er 
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As shown above, for the particular settings used, 


€2 x 
pee 1000 

For a particular azimuth, a principal coil is selected, oriented with 
respect to the magnetic meridian, and the gradient is calculated with 
respect to this principal direction, not with respect to the circuit. Spe- 
cifically, in the magnetic meridian the principal direction is selected as 
north and a positive gradient implies that the field component is increas- 
ing to the north; at right angles to the magnetic meridian, the principal 
direction is selected as east and a positive gradient implies that the 
vertical component of the magnetic field is increasing to the east. In 
the magnetic meridian, the effective component is that in the magnetic 
vertical plane through the center of the gradiometer, but for the short 
distances involved this is essentially the total intensity; in the east- 
west plane, the effective component is essentially the vertical component 
of the field. 

If the two coils are exactly alike, the coil constants k: and kz will be 
exactly equal and the ratio of the field intensities will be the same as the 
ratio of the induced electromotive forces. If they are not alike, we may 
assume that they are so nearly alike that we may write ke = kil + y) 
where y is so small that powers beyond the first may be neglected. Then, 
for the cases DD and RR the ratio of the fields U, and U, is kye1/kee 
where U, and U, are the effective intensity components at the principal 
and secondary coils, respectively. It should be noted that the angular 
speed disappears from this relation because the coils move together. The 
ratio U,/U, in the cases DR and RD is k€2/k1e1. In the former cases, 
the ratio of the principal to the secondary intensity component is: 


OU, rer of -! 1000 \einy- x 
U, kes \1+y/\1000 + x 1000 
In the latter cases, this ratio is 


Up _ kre2 _ ppt ee x 
Ue her = 4 (1+ sary) 1+ YT 7900 


If we define the gradient as: 


+ Use. 
G= r000( ¥: ) 


then we have: Gop = —Zvpv — 1000y 
Gor = +2pr + 1000y 
Gro = +rp + 1000y 
Ger = —Urr — 1000y 


taken. Hence the arithmetical average of the four determinations o: 


G is: a 


Go = V4 (xr + @pep — Lop — Lrr) 


independently of the coil constants, if we neglect the powers beyond the 


first. Thus, reversing the coils tends to eliminate the variations of the 
coils from each other. . 


Plotting Results 


After the gradients are calculated, it is convenient to plot the results 
on a survey map in order to represent them pictorially and to interpret 
them. If the magnetic inclination is V, the vertical component of the 
intensity is the actual total intensity multiplied by sin V. Accordingly, 
the north gradient is multiplied by sin V before plotting. 


Trst Surveys! 


For the purpose of testing the present apparatus, the gradiometer was 
used in three areas; the first was one in which it was reasonable to assume 


that the magnetic intensity was uniform in a vector sense; the second was 


one in which high magnetic anomalies were known to exist; the third was 
one in which little was known geologically or geophysically. 

Pilgrim River Station.—Because it has been used as a base station for 
magnetic work done by the College, this station was selected as lying in a 
region without magnetic anomalies. The work at this station gave a 
gradient that was practically negligible and the principal contribution of 
these results was to emphasize the importance of careful brush setting. 
Errors that cannot be eliminated have proved to be very troublesome 
when the brushes were not set at right angles to the magnetic component. 

Isle Royale Survey.—This area is one of high magnetic anomalies. 
The ordinary dip needle shows noticeable variations over a few feet. 
After some preliminary work in this region, to eliminate difficulties in 
operation, two lines were laid out at right angles, but the early arrival of 
cold weather prevented the completion of the survey beyond six stations. 
The results for these six stations are shown in Table 1 and Fig. 5.2. The 


1 In these tests settings were quite consistent and could be repeated with but little 
change after a lapse of several days. Also, interchanging observer and operator has 
resulted in no material variation in the settings and in several cases where the operator 
deliberately tried to mislead the observer the attempts were unsuccessful. The 
observer has been able in some cases to tell from the behavior of the galvanometer 
whether the resistances were connected in the proper manner and to detect poor brush 
contacts, faulty switch position and even lack of parallelism in the coils or brush set- 
tings. When functioning properly the galvanometer indicator is fairly steady. 

* Because of the complexity of this region and the small number of stations com- 
pleted no correlation has been attempted. It is hoped that a program already planned 
will make a correlation possible in the near future. 
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13° south of west from the initial station. 


station numbers represent the distances in feet measured approximately 


N 


Fic. 5.—Isie RoyALE SURVEY. 


Trout Creek Survey—This area was selected because of what appeared 
to be outcropping Keweenawan traps for which no definite structural 
correlation has been attempted. So far as known locally, there has been 
no systematic study made of this region and it was thought to be a desir- 


Tas.E 1.—Results at Isle Royale 
October 23, 1933 


able location in which to test the method 
of the survey are shown in Table 2 and Fig. 6, wit 


Princi- 


Resistances 


Gradients 


without prejudice. 


Sta- | Inclina- —— 
aoe cee bisa Observer = prorat 
pp| pr | xp | re DD | DR RD | RR 
Pee a a eee a De eee 
0 72° N s 510| 490] 510| 488] —10| —10| 10] 10 
0 E R 507| 491| 512} 490] — 7| — 9| 12] 10 2 
15 mae N Ss 519| 482| 510} 490/ —19] —18]| 10] 10} —4 
0 E R 508| 494] 512] 490/ — 8] — 6| 12] 10 2 
30 72° N Ss 508| 493| 511} 489) — 8| — 7| 11 | 11 2 
0 E R 509| 490] 510} 490] — 9] —10| 10] 10 
45 ipa N Ss 512| 488| 511| 488] —12]} —12| 11 | 12 
0 E R 510| 490| 508} 492) —10}| —10/ 8] 8| —1l 
60 132 N s 504| 496| 512) 487| — 4| — 4] 12] 18 3 
0 E R 508| 493] 515| 485] — 8} — 7] 15 | 15 4 
75 2° N 3 | 506| 496] 514| 487) — 6] — 4| 14| 18 4 
0 E R 507| 495} 517| 484 — 7| — 5| 17 | 16 5 


The results 
h the omission of some 


observations at the north end of the line, within the town of Trout Creek, 
and a few intermediate stations which add no information to the map.’ 


3 The work done in this region has been of too small an extent to justify publishing 


any conclusions be 
magnetic effects. 


yond the definiteness with which the gradiometer has recorded the 


eens 


A MAGNETIC GRADIO! 


Projects. —The work of testing the instrument has been less” 


pletion of both projects at an early date. The program of testing also 
includes an area containing a known mineralized fissure, one in which the — 


Hotchkiss Superdip shows a large anomaly and a line across the Keweena- 


wan fault. 
TABLE 2.—Results at Trout Creek 
November 15, 1933 
; Pans. Resistances Gradients 
Station eee bet Observer Sg a a ie ae rs yee 
pp | pr| Rp | rR pp | DR RD | RR 
OS 75°erlem S | 510) 490| 510] 490] —10} —10] 10 | 10 
0 E R_ | 510| 491| 509) 492) -10/ — 9| 9] 8 
2,500| 75° | N | S| 51i| 489] 512) 489] —11| —11| 12 | 11. 
0 E R_ | 510) 490] 510| 491| —10| —10| 10] 9 
5,000| 75° | N 8 514) 487] 510] 490} —14| —13| 10| 10] —2 
0 E R_ | 512| 490] 512} 490) —12} —10] 12 | 10 
7,500| 75° | N S| 515] 487| 510| 489] —15| —13| 10| 11] —2 
0 E R_ | 511] 490] 511] 489| —11] —10] 11 | 11 
10,000; 75° | N S | 510] 490| 511| 490/ —10| —10| 11 | 10 
0 E R_ | 510} 490] 510; 490] —10} —10] 10 | 10 
12,500} 75° | N S | 514) 486] 510| 489] —14] —14] 10| 11 | —2 
0 E R_ | 510) 490] 509! 491 —10] —10] 9] 9° 
15,000} 75° | N S | 512] 488] 511) 488] —12| —12| 11 | 12° 
0 E R_ | 510] 490] 511] 490] —10} —10] 11 | 10 
17,500| 75° | N S | 516] 484] 511| 490/ —16} —16| 11 | 10| —3 
0 E R__| 512) 489} 512) 480] —12] —11] 12 | 11 
20,000! 75° | N S | 510] 491] 511] 4890] -10/ — 9] 11} 11 | 1 
0 E R_ | 511) 490} 510] 488] —11] —10] 10 | 12 


PROBLEMS OF DESIGN 


In the course of the work with the present instrument numerous 
problems of design have been presented. Some of these may be men- 
tioned without detailed discussion: 

1. Metal might be substituted for wood in the instrument. 

2. The bearings should be given careful consideration. 

3. The design of the coils should be made with regard to mechanical 
strains and increased speeds of rotation. 

4. The coils might possibly be wound in various planes properly 
connected to the commutator. 

5. The best type and size of wire should be investigated and a larger 
resistance built into the coil itself. 


might be desired. In both of the areas mentioned a definite program has . 
been arranged and it is to be hoped that conditions will permit the com- = 
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6. The coils should be wound so as to be as nearly alike as possible. 
7. The coils should be geared up with respect to the crank handle. 
8. As many of the resistances as possible should be of the fixed- 


4 coil type. 


9. A current detector to be used as a null instrument should be 
selected or built in accordance with the conditions of the circuit. 
10. With the present instrument direct current has given better 


results than alternating, but it is conceivable that under favorable condi- 


tions alternating current can be used to advantage especially in connec- 
tion with a vacuum tube amplifier. 

11. If the gradiometer can be built light enough it could be mounted 
at right angles to the magnetic field instead of level. In addition to 


simplifying the field technique, this would have the rm 


_ advantage of measuring the gradient of the actual 


magnetic intensity. 


= 
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SUMMARY AND CONCLUSIONS 


described for determining the space rate at which 
the earth’s magnetic fieldis changing. This instru- 
ment consists of two similar coils rotating around si 


In this paper a magnetic gradiometer has been ze 


parallel shafts in such a manner that the planes of 
the coils always remain parallel. Since the electro- 
motive force induced in a coil is proportional to the 
field in which the coil rotates, the ratio of the fields f 
at the two coils may be measured by the ratio of the °°" 
two electromotive forces. This ratio is measured | 
by a specially devised Kirchhoff net. 15,000 

To test the method a preliminary instrument 17.500! 
was built and proved by actual tests to check the 


theory beyond expectations. Examples of the field aah 

tests have been included as indicative of what may : 

be done. Fig. 6.—Trovur Creek 
Some of the problems of design have been dis- SuaVEE. 


cussed with reference to the building of an improved gradiometer as soon 
as conditions permit. 
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‘methods and instruments? 


-shaseattan : 
2 (E. DeGolyer presiding) 


J. Fisaer,* Houghton, Mich—I would like to emphasize one feature of - 
instrument. With it an attempt is made to obtain the horizontal magnetic gradient, a 
in a way comparable to that in which the horizontal gravity gradient is obtained 
with the torsion balance. 1) ae 


E. DeGotyer, t New York, N. Y.—Do you believe the method presents improve- — is, 
ments over the ones in use at presdnt? 


F. L. Parrio,t Houghton, Mich.—It measures the gradient directly, and gives 
results that are dependable and can be repeated. 


E. DnGotyer.—Yes, but will the data be superior to those obtained by existing 


F. L. Parrto.—Yes, the gradiometer has a higher ae of accuracy than either 
the Superdip or the magnetic balances. 


M. K. Hussert,§ New York, N. Y.—It may clarify the situation somewhat to 
point out certain analogies between the magnetic and gravitational techniques of 
observation. When studying the force of gravity, you can use a pendulum to measure 
its absolute strength, or you can use a torsion balance to measure the gradient, or the 
rate of variation of gravity in a given direction. Similarly, when observing the earth’s 
magnetic field, you can use a magnetometer to measure the total magnetic force, or 
you can use such an instrument as this magnetic gradiometer to observe its variation 
in a given direction, or its gradient. 


E. DeGotyer.—I am glad you brought that out, because this point is particularly 
interesting in view of the present tendency in oil work to go over to the use of the 
pendulum in order to get absolute gravity. The use of the magnetic gradiometer 
would indicate an opposite tendency in mining work. 


M. K. Hussrerr.—Another advantage that should be mentioned in this connection 
is that in measuring the gradient of the earth’s magnetic field we are measuring a 
constant quantity. The absolute value of the magnetic field varies during the day, 
unlike the absolute value of gravity which remains constant in time. Therefore, 
in ordinary magnetic observations corrections must be made for diurnal variation. 
Fortunately, however, the gradient of the field remains constant in time, despite 
the changes in absolute value. Therefore, in working with the magnetic gradiometer 
there is the advantage of making observations on a quantity that requires no correc- 
tion for temporal variations. 


C. A. Heimann, Golden, Colo. (written diseussion).—The principle of the earth- 
inductor gradiometer was proposed first by H. Haalck4 in 1925. The arrangement 
as given by Haalck is as follows: Two coils of equal (or nearly equal) area, turn 
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number and orientation are rigidly connected to one another by a shaft. The coils 
are connected in series and opposition so that, when the shaft is rotated, no electromo- 


tive force is produced if the earth’s magnetic field is equal at the points where the 
coils are located. Haalck has calculated that a field difference of the order of 10 
gammas will produce a maximum current of about one-half microampere with the 
suggested coil dimensions, and a frequency of rotation of 30 cycles. A telephone is 
used as the indicator of balance, and the higher frequency necessary for its operation 
is obtained by using a multisegment commutator for taking off the differential electro- 
motive force from the rotating shaft. 

Haalck proposes to use this instrument qualitatively as a means for locating iron 
bodies, by determining the direction of the magnetic disturbance vector. For the 
indication will be zero if the axis of rotation of the two coils is at right angles to the 
vector. To determine its direction, the axis of rotation of the double coil system may 
either be tilted until a balance is obtained, or the whole arrangement may be moved 
from point to point, with horizontal axis of revolution, until a balance indicates that 
the disturbing object is below the center of the inductor. In other words, a principle 
similar to that applied in binaural hearing, or in binaural geophone work, is employed. 

As far as I know, Haalck has never put his idea into practice, and it is therefore 
gratifying to note that the authors of this paper have established the practicability 
of the earth-inductor gradiometer with such good results. 

The chief advantage of this instrument appears to lie in the fact that it can be 
used on moving support. In the experiments with magnetic measurements from 
airplanes, which I conducted a number of years ago, a similar arrangement was tried 
with fairly good success, in addition to the constant-speed principle discussed several 
years ago.® 


I. Roman anv T. C. SeRMOoN (written discussion).—It is still too early to be 
certain that the present gradiometer will furnish data of better quality and ease of 
interpretation than previous instruments, but the gradiometer introduces a distinct 
departure from them. In particular, the circuit is such that the ratio of the two 
induced electromotive forces is measured directly. The instrument is not a direction 
finder and is not intended to be a detector of temporal disturbances in a balanced 
field. It differs from the device suggested by Haalck in that the latter consists of 
opposed coils to be used as a binaural device. It differs from devices measuring the 
induced electromotive force in an inductor running at constant speed at different 
places and different times. The method does not attempt to measure the induced 
electromotive force or the earth’s field. It measures @ relative gradient, not the 
actual gradient, as ordinarily interpreted—as, for example, with the torsion balance 
for the gravity gradient. For prospecting purposes, the actual gradient is not 
necessary; the relative gradient and actual gradient are nearly proportional. 

The gradiometer, including the balanced coils and the measuring circuit, has several 
advantages over the previous methods: 

1. The coils need not be turned at a known, or even constant, speed. The ratio 
of the induced electromotive forces is independent of the speed. This eliminates the 
need for controlling or measuring the speed of rotation, a decided advantage in any 
arrangement, especially a portable instrument. 

2. The gradiometer need not be oriented by trial and error. It is oriented in 
each of two arbitrary perpendicular horizontal directions and the vector relative 
gradient is thereby determined. : 

3. The ratio of the two induced electromotive forces is measured. This is simpler 
than the measurement of each separate electromotive force with the correspond- 


ing accuracy. 


6C. A. Heiland: Trans. A.L.M.E. (1932) 97, 213. 


aie ‘lien ihe peer oS ie ae 
sun will cause a measurable effect on the magnetic in 
of that same cloud on the ratio of the two intensities 
In the gradiometer the effect of the diurnal variation is 1 
pA aig or eae a eosin must ee it. 


of the coils. 
7. The instrument is conveniently portable ai needs no ahi aA 

than a truck for transportation. No elaborate calibrations or | calculations are I 

If desired, the circuit can be calibrated directly. iesihe gankus 
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Reflection Methods in Seismic Prospecting 


By H. M. Rurserrorp,* Tounsa, OKLA. 
(New York Meeting, February, 1932) 


Tar reflection method in seismic prospecting has aroused much 
interest in the past few years. The purpose of the present paper is to 
present the method of reflections in the mapping of geologic structure and 
also to give some indication of its limitations. The reflection method is 
well adapted to the mapping of geologic structure in the Mid-Continent 
fields, and has been found most useful there. The refraction method 
is ideally suited to the finding of structures, such as domes, where the 
amount of relief is very large. This explains the brilliant success of the 
refraction method in the Gulf Coastal region of Texas and Louisiana. 
The additional fact that salt has a much higher velocity than the sur- 
rounding sediments made their discovery much easier. By the use of 
the reflection method, differences of relief of 25 to 50 ft. to the mile may 
be detected at a depth of 5000 ft., and the depth points accurately plotted 
onamap. This is hardly possible by the use of the refraction method. 

The reflection method has been in almost continuous use in the Mid- 
Continent area since 1926, but very little, if anything, has been published 
until recently” ¢ regarding either the method or the results. The dis- 
covery of several oil fields is now attributed to the use of the reflec- 
tion method. 

Reflection methods have been used by the Germans to find the thick- 
ness of the ice of several glaciers.?:®) The depths there considered 
were of the order of only a few hundred feet. For the method to be of any 
practical value in this-country, it must be able to work to depths of several 
thousand feet. As was indicated above, this is now possible, though there 
are many problems connected with the reflection method yet to be solved. 

The refraction method requires that the shooting be done over long 
ranges. It was necessary, for example, to take distances out to several 
miles in order to penetrate some five thousand feet. Naturally this uses 
a good deal of dynamite. In the reflection method the distances are 
much shorter and the amounts of dynamite are much smaller, within 
limits which will be noted below. The chief distinction between refrac- 
tion and reflection methods is to be found in the analysis of the seismo- 
eram. Refraction shooting makes use of only the first arrival of energy 
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use has as fet been ee of the later phases, ee as the inlasvekes waves. — 
In reflection methods, the seismogram is analyzed and an attempt is 
made to identify the arrival of energy which is reflected from some inter- _ 
face; for example, the interface between the Viola limestone and 
its overburden. 
Because the first was the only phase on the seismogram that was used 
in the refraction method, naturally instruments were designed to give a 
large magnification for the first arrival without regard to the true motion 
of the ground. With the advent of the reflection method, more care was 
necessary in the design. When the shot length is small, the surface 
waves, as well as various refracted waves, arrive before and tend to 
obscure the reflection. The shot length can be made long enough so that 
the reflection arrives before the surface, or Rayleigh wave. Also, the 
period of the instrument can be made short enough so that there is no 
appreciable magnification of the surface wave. ‘These surface waves 
have a frequency of about four per second; the reflected waves about 
fifteen or twenty. It is desirable to have instruments in which the period 
can be changed to fit the varying conditions to be found in any territory. 


GENERAL CONSIDERATIONS 


The problems connected with the reflection method may be sum- 
marized in part as: 

1. General design of instruments. 

2. Identification of the reflection on the seismogram. 

3. The correlation of the reflection with the reflecting bed. 

4. Methods of computation. 

No complete discussion will be given of the design of instruments, 
since that is not the purpose of this paper. D.C. Barton™ has given a 
discussion of the various types of instruments which are in use at the 
present time. - In general, however, it is necessary to have a seismograph 
with a suitable period, or, better, capable of being varied to suit condi- 
tions; and a method whereby the motion may be magnified and recorded 
on a moving film. This may be accomplished either electrically or 
mechanically, though most of the seismographs in use at the present time 
are of the electrical type. Some method must be arranged whereby the 
instant of blast is recorded in order to get the time of travel of the 
waves. Itis obvious that there must be a timing arrangement, and this is 
usually accomplished by means of a tuning fork. Most consulting 
companies assume that the only practical instrument for reflection shoot- 
ing is the electrical seismograph, but this is not the case. Mechanical 
seismographs may be made, which will give good results. It is 


undeniable, however, that it is of great advantage to have all the traces on 
the same film. 
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say io ‘: ; GENERAL THEORY 


Pak 
_ 9 _ When an elastic wave, either longitudinal or transverse, traveling 
_ through a stratum of velocity V; is incident upon another stratum, of 

_ velocity V2 greater than Vj, it is in general broken into four parts. Ifthe 
incident waves are longitudinal, the only case in which we are interested 
here, the derived waves will consist of refracted and reflected longitudinal 
waves and refracted and reflected transverse waves. For angles of 
incidence lower than the critical angle, part of the energy is reflected and 
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Fig. 1.—TiIME-DISTANCE GRAPH AND RAY PATHS. 


part refracted. For those angles greater than the critical angle all of the 
energy is reflected. 

The relative amounts of energy which go into reflected and refracted 
waves can only be computed when the physical constants of the two 
media are known. In seismic prospecting it is hardly practicable to 


= measure these constants. In general, however, the reflected longitudinal 


waves may be expected to carry only small amounts of energy, since most 


} reflection work is done at angles much smaller than the critical angle. 


—— a. Te e”6hUe 


TRAVEL TIMES 


In Fig. 1, consider waves which originate at O and are recorded at 
distances Xi, Xs, Xs, and soon. Each of the layers, of velocity Vi and 
V2, respectively, is considered to be homogeneous and isotropic through- 
out its extent. Also, it is assumed that V; is less than V2. For any 
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_ 


distance less than X2 the minimum time path is through the upper stratum ’ 
V;. If distances, with their corresponding minimum times, be plotted — 
for distances less than Xe, a line will be determined with reciprocal slope 
of V;. For distances greater than X, the minimum time path will be a 
wave which travels over the surface of V2 and thence back to the surface. 
If these distances are plotted with their corresponding times, the line thus 
determined will have the reciprocal slope V2. This theory of refraction 
is assumed in dealing with all straight-line seismic calculations. It has 
been shown that the amount of energy propagated along the interface 
between two isotropic and homogeneous media is negligible. However, 
because the paths are curved, even though only slightly at times, a wave 
is returned to the surface. Thus, if computations are made on the theory 
that the wave is refracted from the interface, usable results may be 
obtained. Some mention will be made later regarding curved paths. 
It is well known that 


| 


sin 7 oe Vi 
sin R Vo 


where 7 is the angle of incidence and R is the angle of refraction. The 
shortest distance at which a refracted wave can emerge is Xo, since for any 
distance shorter than that FR is less than 90°. At distances equal to or 
greater than Xe, R = 90°, and the refracted wave returns to the surface. 
It is obvious, from geometrical considerations, that the first refracted 
wave is also a reflected wave. Thus at this point, Xe in Fig. 1, 
the reflected wave line is tangent to the refraction line Vz. As the dis- 
tance increases, the depth becomes negligible with respect to the distance 
and the reflection curve is asymptotic to the line V;._ This gives a method 
for identifying the reflection with the horizon that is producing 
the reflection. 

The usual procedure in the identification of reflections is somewhat 
different from that outlined above. This method is to shoot (or record) 
at various depths in a well and thus obtain an average velocity. Shots 
are then taken for reflections and by picking waves which have times 
that correspond to times found from horizons which are arbitrarily chosen 
as likely to reflect, the reflection is “identified.” This method of shooting 
in a well is open to serious objections and is limited to regions in which 
wells have been drilled. Regarding it, Barton has the following to say: 


The impossibility of recognizing the reflecting bed is a serious disadvantage of the 
reflection method in comparison to the refraction method. In the latter method, 
the velocity, V2, of the lower bed is determinable and in many places is a sufficient 
criterion for the identification of the lower, refracting bed. The velocity, V2, of the 
reflecting bed is not determinable by the reflection method and it is therefore impossi- 
ble to identify the reflecting bed from the results of the reflection shooting and beds 
may be jumped without suspicion of the fact. 
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Barton’s objections are well founded. As long as there are enough 
wells, to check by the usual method might serve for obtaining reliable 


depths. Where beds occur close together, it complicates the identifica- 


tion of the reflecting bed. 

However, as shown above, if the seismograms are analyzed by first 
shooting a refraction profile and plotting the various phases which occur, 
the reflections may be identified as coming from some certain horizon. 
If the beds are sloping, it would be necessary to shoot reversed profiles, 
not for the purpose of analyzing g.seenle sp. nizaylnes, 
the seismograms, but for the pur- 
pose of identifying the bed by its 
velocity, which, in general, is 
unique. The point of tangency 
will always occur where the first 
refraction returns to the surface, iz 
regardless of whether the bed is 
sloping or not. The number of 
beds does not necessarily complicate the problem; the case of several 
beds will be discussed below. 


Vv 
‘Fic. 2—PatTH OF A REFLECTION, 


REFLECTION FORMULAS 


Consider the waves which originate at O, in Fig. 2, and suffer optical 
reflection at a point P at the interface between Vi and V2. The time of 
travel of such a wave is designated by t, and the distance on the surface by 
X. If the depth is Z, the following equation may be written, providing 
the surface and the interface are parallel: 


a wae ie 
po At ong 
or 
Z = VeVv%,? — 2? | [1] 


This is the formula most generally used in computing the depth of hori- 
zons by the reflection method. This is the equation of the hyperbola. 
Its graph is shown in Fig. 1. 


Meruops oF OBTAINING AVERAGE VELOCITY 


In actual practice, this arrangement is made so that MP lies in a well. 
The geologic column is obtained. It is noted on the geologic column that 
P isa bed which should produce reflections. A geophone, or microphone, 
is put into the well until it rests at the point P. A shot is fired at O and 
the time of transit measured between O and P. This is divided by the 
distance OP and the average velocity is thus computed. This may be 
done for several horizons. After this, shots are placed on the surface and 
records obtained at several distances. The depth as taken from the 


- 
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geologic column, and the average velocity as determined by stiootin 
well, are substituted in formula 1. This gives the time of transit th 
reflected wave should take in going over the path OPR. Thus, 


correlating this time with the phases on the seismograms, the reflected — 


wave is identified. The reliability of this method depends upon: (1) 
knowing that the horizon picked will give a reflection; (2) assuming that 
the phase picked is the phase which correlates with this horizon. 

A variation of this method is to take shots at O and record at R. 
From the geologic column, beds are picked which might give reflections. 
From the records, times for various phases are picked. By substituting 

i PES he these times and the depths as 

found from the geologic column, 

the average velocity to any bed 

v, may be determined. An aver- 

age value is then taken if several 

values of ¢, are used. In gen- 

RRR ie : eral, the methods described 

Fic. 3.—ARRANGEMENT oF RxEcoRDING above have been found to be 
STATIONS FOR IDENTIFICATION OF REFLECTED satisfactory within certain limits. 
tre i There is no reason to suppose 
that a reflected wave should be of much higher frequency than other 
waves, as is assumed by some investigators. It may be, as Rayleigh 
points out, that the overtones may be reflected and not the fundamental, 
but this cannot be taken as an established fact in seismic prospecting 
at the present time. 

Additional information in regard to the identification of a reflected 
phase on the seismogram may be obtained by placing the shots as in 
Fig. 3. There is very little difference in path between OP1R,, OP2R2, 
and so on, provided Ri;: — R; is not too large. Hence, the reflected 
times will not change by any appreciable amount. Other types of 
waves, however, especially the surface waves, will show large changes 
in comparison with the reflection times. 

It might appear that the best way to obtain an average velocity with 
the minimum of expense and time is to take such an arrangement as that 
pictured in Fig. 3 and observe the times of transit of the reflected phase 
on the seismograms. These could then be substituted in equation 1, 
thus forming a set of simultaneous equations which could be solved for 
the depth Z and the average velocity V. However, the times cannot be 
determined accurately enough for this. Consider, then, the following: 

Formula 1 may be written V?72 = X?2 + 4Z2 where JT = #,. In this 
formula, it is assumed that Z and V remain constant, though of course 
X and T' vary with the shot. This equation may be written: 


aw—g=bd; [2] 


BAF MO) Ap ED Gog AH 
We wy Poke bee X SiH VF 
here are n shots, there result n equations containing the two 
vi bles Zand V. These may be solved by the method of least squares. 
_ The normal equations are as follows: 

»! v : Aw — Be =) 

Bw-ne=E 


A Za,” D= Lab; 
/5) Senne K= D2 


The solutions, in the form of determinants, are: 


: “ " 
_ where 


at Aw aN 
. < => a g= a 
AB\. _ |DBi, poe 2 
where A= ml Aw = na ; Ae => ee | 
q V =Vwand Z = BV ¢ 
is This cannot give very reliable results because the elements of the : 


determinants A, B, D and E are much larger than the determinants 


ag 


Fig. 4.—GRAPHIC METHOD FOR MAPPING STRUCTURE BY REFLECTIONS. 


ae, 


~ themselves. The writer has solved a great many of these systems for the 
average velocity and depth but has never found a profile where the 
times could be determined to the degree of accuracy necessary for 


; reliable results. 
GenERAL FoRMULA FOR REFLECTIONS 


Let S be the origin and S’ the recording point for a reflected ray, as in 
Fig. 4. P is the point of reflection. ‘The time for the reflected ray may 


be written 
T= SP a S'P 3] 


x where V is the average velocity of the material from the surface to the 
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buried layer. If SP + S’P is a minimum, T will be a 
time will be a minimum if P is a point on an ellipse to Me ioh ihe hs 
. tangent at point P (Principle of Least Time). S and S’ will be the foci 
of the ellipse. The origin of the ellipse may be considered to be at ] 
14SS’. From equation 3, 


SP + S’P = length of major axis = VT 


Then the length of the semimajor axis is 44VT7,, and of the semiminor 
axis 


_ 


J —— — D* where D = SS’. 


The equation for the ellipse is usually written 


Anan, 
A Bre 
where A and B represent the semimajor and semiminor axes respectively. 1 
In this case, 
A=\W%vVT 
and 
Leia (Lida -aatecames id 
= J Bei 7 
or 
xX? Z2 
7ViT*\ + 7V2T? — 4Dh ~ 1 | 
Comers) 4 


By taking several values of the distance and time, equation 4 may be 
used to obtain the various values involved and thus to map a horizon, but 
this becomes so involved algebraically that it will not be given here. The 
writer obtained a solution, but it was in a form that would not lend 
itself to ready computation without undue labor. The chief gain in 
using this formula comes from its use graphically. This may be done 
as follows: 

Take a shot at point S; and record at Sy’; call this time 7. With S, 
and S,’ as foci, describe an ellipse with a major axis equal to V7’, where V 
is the average velocity of the overburden and T is the time of travel for 
the reflected wave. Do this for other shot lengths and times. The 
tangent, if the bed has the same slope at every point, may be drawn in 
graphically. If this process is continued, the reflecting bed will be 
mapped, the accuracy depending on the spacing of the depth determina- 
tions. It is assumed that the plane in which the reflections are obtained 
lies in the plane of the dip. If this is not so, the plane of dip will have to 
be determined. This may be done by graphical methods which are in 
common use in geological work. Once the plane of dip is determined, the 
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true depth at any point may be determined. It is better to determine the 
dip and place the shot lines so that they lie in this plane. 

Another method which results from the use of the same principle is 
as follows. This method makes use of the image point in the case of a 
reflection. O in Fig. 5 is the origin of rays which are reflected from points 
P,, P2, Ps, and so on, which lie on the interface between the beds of 
velocities V and V2 and are recorded at points Ri, Re, Rs such that the 
distance OR; = X;. The velocity of the overburden is taken, as in the 
previous cases, to be V and of the high-speed reflecting bed, Ve, such that 
V isless than V2. J is the image point of these reflected rays. In Fig. 6, 
OM is H, or the perpendicular distance from point O to the high-speed 
bed V2. If I is the image point, OM = MI and OP; = IP. The slope 
of the high-speed bed is taken to be w. @ is the angle between OX and 


Fig. 5—Uss OF IMAGE POINT IN COMPUTING DEPTHS, 


OM. From the figure, it is seen that w = 6 — 90°. For any ray reflected 
from a point P 


eg EE a lk = VT 


V V V 
The angle @ can be written in terms of V, T, H and X by means of 
the law of cosines: 
yk te ALE — VEE 
cos 3 = TX [5] 
The depth is usually measured perpendicular to the surface of the 
ground, thus 


Z = H/cos w 
If w = 0, equation 5 reduces to equation 1: 
Z =H = %V/V°T — X? 


Equation 5 contains three unknowns. It should be possible, by 
taking three shots, to solve for these. However, in actual practice, this 
is not the case. A method of reasoning, somewhat similar to that used 
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in the least square solution of senectiatsl 1, would show t 
obtained for H or Z, @ and V could not be very reliable. 
more general than formula 1. In actual practice, formula 1 is tl 
used. This is due to the fact that 7’ cannot be determined with suffi 
accuracy to enable one to use formula 5 instead of formula. In addition 
to this fact, w is usually small and the difference it may cause can be” 
neglected. However, it must be pointed out that if w were very large, 
formula 1 would give erroneous results. 


Para or Rertectep Ray In Case or SEVERAL BEDS 


In actual practice the ideal conditions which have been idbseal up to 
this point do not exist. The overburden 
may be, and usually is, made up of a series 
of layers or beds. Each of these beds may . 
have a velocity greater or less than the 
velocity of the bed above. It is possible, 
and is sometimes done, to get a reflection from 
the base of a high-speed bed, but the thick- 
a (a ea ness of the bed must be at least one-half a 
wave length. 

Assume a series of parallel layers with 
the velocities Vi, V2, ... Vn. Consider 
each of these layers to be homogeneous and 
Fic. 6.—EFFECT OF SEVERAL igotropic throughout its extent. The thick- 


BEDS. 
nesses corresponding to these velocities are 
Z,...4,. It can be shown that a ray progresses through the 
layers according to the law 
ba t—-— oer — . . . = Vn b 
sin? sin 7 » Tai, e 


For any particular path the ratio of the velocity to the sine of the angle of 
incidence is a constant. Call this constant value J, or, 
tied 
sin z ‘ 
Thus J may be considered as a parameter which determines the particular 
path a wave would follow. 
The expression for the time may be written from Fig. 6 as 


Tene Ae nat 
2 Fir eo earge, 


[6a] 
The distance is given by 


X 
Dn Bd Be eed [6b] 


is Geile od ode 
enaher o a read 


en” S 
weryal owl 


ZI 
5 OO) — 
ar: ety 

Substituting the value for a in equation 6a gives 
a 
i Zil Zol ‘ 
1 2. Z ca [7a] 


a + ee a Bie. te 
20 ViWi- Vi? VovV I? — V2? a: aS Vein/i WS | 
Further, Fig. 6 shows that 


i . tan 1 = B/Z 
_ Since the values for the sine and cosine are known, 
4 oes V 

oA tan? = VE AV? 
and 
ZV 

— BS tv 

Substituting this value in equation 6) gives 

x ZiVi Duk ant [7b] 


Petipa o/h VA 
For two layers, these formulas become 
apis Zu 
2° Vi - Ve 
x ZiVi 
2 VP Ve 
The expression in 7’ and X may be written, solving the above equations 
for an expression in 7’, X and Z, as 
2 Jit +X? 


1 


a T = 


which is the usual formula for reflection time in two horizontal layers. 
If I is Vz, that is, equal to the velocity of the bed from which the wave 
is reflected, the reflection is at the critical angle and the distance is the 


critical distance, or 


° . y n—1 
gt 


An example of the above may be easily shown by couiandae cals the ‘ea 
first-two layers of Fig. 6, whose velocities are V; and Vz, for the case 


sin 7; = su tan 7; = eee 
, Vo Ve—Ve 
The critical distance is then seen to be 
Xo = 2Z tani 
or, 
Vi 
SV VE Vi 


The critical distance, according to the formula for 2B, where I = V2 is 
given by 

So. gtk see 

2 V2? naa V;? 


Tue AVERAGE VELOCITY 


It is much simpler to use an average velocity in figuring the depth to 
any marker. This is possible if the average velocity does not change too 
greatly with depth and distance from the shot point. For any constant 
distance, the average velocity may be written as 


y, MGs eS PS 
er 


» where K = X 

It is desirable to know the change of average velocity with any change in 
thickness of the last layer. For three beds, with constants of V; = 7000 
ft. per sec., Ve = 9000 ft. per sec., V3; = 11,000 ft. per sec., Z; = 2000 
ft., Z. = 2000 ft. and Z; = 1000 ft., for a distance X = 6000 ft. approxi- 
mately, it can be shown by a rather cumbersome differentiation and 
substitution, which need not be reproduced here, that 


aVe _ 
aZs 


This means that the amount of error in the average velocity can be 
determined for any change in depth or thickness of any layer. Thus, 
knowing how much error is made in the depth for any error in the average 
velocity, a better approximation to the true depth can be made. 


Tue Surrace (or ‘‘' WEATHERING”) CORRECTION 


Practically everywhere there is a zone of surface material in which the 
velocity is very low as compared with the average velocity of beds below 
it. This zone is commonly called the ‘‘weathering” in the field, though 
it does not in general coincide with what geologists call the ‘“‘zone of 
weathering.” For the computation of reliable depths, it has been 


~ 
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found advisable to refer all calculations to the bottom of this surface 
~ correction zone. 

Fig. 7 shows a diagram of the method of treating the surface correction 
zone. W, is the thickness of the zone at the shot point, and W, at the 
recording point. Z, is the elevation of the surface of the ground at the 
shot point, referred to mean sea level, and £, at the recording point. 
The depth of the surface correction zone W is small in comparison with 
the depth Z, hence the path #,O can be taken as equal to the path AO. 
Since 7’, is small and the depth is small, an average value can be deter- 
mined for the surface correction veloc- 
ity in any one area. In reality, T. 
is the time it takes for the sound ray to 
go through the surface correction zone 
and back, but the difference T., — Ta is 
well within experimental error and either — 
may be chosen. According to this, then, 
if a shot is put off at the surface and 
recorded at distances long enough to 
penetrate the surface correction zone 
(200 ft. or so), the depth of the surface 
correction zone can be computed accord- 
ing to the formula 


W = VT» [8] 


The average velocity in any area is 
computed from the base of the surface 
correction zone. Hence in computing ene Ve 
depths the amount of time the sound Fic. 7.—Surrace (oR “WEATHER- 
ray travels in the surface correction ING 5) Comer ON 
zone must be deducted from the total time of the’ reflection. This 
time, which is to be subtracted, is given by the formula 


aie W.— H+ ™ H<W. (9) 
where H is the depth of the shot. 
TG We H>W. [10] 


ma Vee 


If the shot is placed below the surface correction zone, the depth is 
taken below this point and the base of the surface correction zone at 


the recorder. 
Repuction to Mean Datum 


To reduce to mean datum, the elevation at the midpoint between shot 
and recorder is taken, minus the average value of the surface correction 


fe 


ering 
mean is taken bebeel this meee and the Eitiee correction a 


recorder. Written as a formula, this gives . # + i 
Time 6 Hil ga 

or He 
Bp an Bee, BOO ty ain Wig ee 


2 2 
After the depth has been computed according to the formula 
Z = Y/VT— x 
where V is the average velocity (from the base of the surface correction 
zone), 7’ is the total time of reflection minus time required to traverse the 


surface correction zone and X is the distance between shot and recorder. 
Mean datum is then given by 


Dn = E — Z at point X/2 [13] 


CurRVED PATHS 


It has been found that rays do not always travel paths which are 


- straight lines. Ewing and Leet“:» have given examples of data taken 


in the Gulf Coast area which definitely prove that the rays follow curved 
paths. The writer has computed depths by the same method as that 
used by Ewing and Leet and found close agreement with their work. The 
curvature in loose soil is very great whereas in granite, for example, the 
curvature is so small that if it is assumed that the rays travel straight 
lines no serious error is made. This slight curvature of path causes a ray 
to return to the surface. Since the curvature may be slight in the higher 
speed bed, and the ray travels just under the surface, depths may be 
computed on the basis of rectilinear refraction as defined by common 
usage in seismic prospecting. 

By shooting refraction profiles in an area, the paths which rays follow 
may be computed and a curve of ray penetration versus depth may be 
plotted. From these data it is possible to derive a value for the average 
velocity at any distance. When reflection shots are taken, the appro- 
priate average velocity for any distance is used. Where the distances, 
on the surface, for a series of shots do not vary much, the same average 
velocity may be used. This method is a very powerful one, and in 
certain areas is especially valuable, where there are no existing wells by 
which a velocity may be calibrated. The use of curved paths is of 
importance, also, in computing the surface correction zone, where 
the depth is great enough so that straight-line interpretation gives 
unreliable results. 


es Ns J 


= 


Tt should be pointed out that in the use of formula 1 the assumption 


is made that the distances X do not vary over a wide range, if the same 
_ value of the average velocity V is used. Of course, if a calibration curve 
is drawn, as indicated above, the appropriate value of V may be chosen 


- for any value of X. This introduces further proof that formula 1 could 


not be used to obtain V and Z by a least-square solution, for X would 

have to be chosen large in order to reduce the effect of errors in 7 and in 
doing this V would change. The fundamental assumption in the use of 
this method is that V remains constant over the complete profile. 


EXAMPLES OF REFLECTIONS 


Fig. 8 shows the graph of a refraction profile and on it the reflections 
are also plotted. This profile was interpreted by means of straight lines. 
Thus, the velocities as drawn on the graph are Vi = 9000 ft. per sec., 
V_ = 10,050 ft. per sec., Vs = 12,400 ft. per sec., V4 = 17,800 ft. per 
sec. Vis a very hard limestone and is a definite marker in the territory 
where the profile was shot. If Vi, V2, V3 and V, are taken as definite 


Taste 1.—Ezample of Reflection Formula for Several Beds 


Vi = 11,000 ft. per sec.; V2 = 13,000 ft. per sec.; Vs = 20,000 ft. per sec. 
Z, = 1200 ft.; Z, = 2970 ft. 
Tr _ Zil Zol x Z1V1 Z2V2 


5 ees Ve Ve 


2 ea Se ee 2 ee ee 


i | Tr x Average Velocity 
14,000 1.580 | 17958 —~=: 125532 
15,000 1.234 | 12,942 
16,000 1.082 10,578 
17,000 0.994 9,108 
18,000 0.934 8,076 
19,000 0.892 7,296 
20,000 0.860 6,678 
21,000 0.836 6,174 12,412 
22,000 0.816 5,752 
23,000 0.800 5,390 
24,000 0.788 5,078 
25,000 0.776 | 4,804 
26,000 0.768 4,560 
27,000 0.760 4,344 
28,000 0.752 4,150 
29,000 0.746 | 3,972 
30,000 0.740 3,812 
31,000 0.736 3,664 
32,000 0.732 3,528 
33,000 0.728 3,402 
34,000 0.724 3,286 12,381 

rr) 0.674 0,000 12,373 


.- ee 
LOVUATY JO HAVUD DONVISIG-ANIL NO CELLO SNOMOWTATY—g “O1I 


ie ee u 


7 ~ 000% ac or ~ 000 i nal ob OOO St O 000S 
. Tae i ir _ _ 1334 NI 3ONVLSIG ; 
Se 7 OX 
| m= at ts ei oe : Zr 
| ’ O> 


SQNODJS NI SWIL 


o2 


AINIONVL JO LNIOd 


horizons, the thickness of each is Z1, Ze, Zs, or the total of these three 
~ gives the depth from the surface to the top of the V, horizon, which is the 
limestone, a total Z = 4766 ft. Formulas for the computation of the 
depths of several beds have been worked out by numerous authors; 


‘ee 


' Fic. 9.—TRACINGS OF REFLECTION RECORDS OBTAINED WITH A MECHANICAL 
SEISMOGRAPH. 
Phases marked R are reflections; those following R are surface waves. 


By the use of formulas 7a and 7b the reflection 
reflection curve agrees, within experimental 

error, with those taken from the records. An example of the records is 
shown in Fig. 9. The reflections, as identified there, are definite arrivals 
j of energy, and the time picked is that of the beginning of the phase. The 


, Barton’ gives some. 
eurve was plotted. This 


average velocity at a distance X = 4900 ft. is 11,290 ft. per sec., to 


rm. ined 


from a ral situated close to the ee: The Judent of ara t 
typical computation form for the reduction of reflection data. 


TaBLE 2.—Computation Form for Reduction of Reflection Data* 


SHOb POSItIOMN preyoe sw wise ou esas aclalos Greed cap Obs iesatele.e LVOCatiOns ..0c.5<oc oso. ae eer eee eee s/e/ocnte 
Date........ Bietchetevscpualeta staremicas INO. Shots: itso. stelucieneteane No..0:. 1. Records... cc.sspsaer eer 
Mean Datum —3538 + 16 ft. at 2500 ft. From Shot Point...... Fic ot ee SS a 


Constants: Vo = 2000 ft. per sec.; V = 10,930 ft. per sec. 


Record No..... Cl Al Bl A3 | D3 | D4, | _ C4 | C3 | D1 | B3 
Bo aie a ee te 5600 | 5000 | 5000} 4600| 5400 | 5200| 5200) 5400| 5600 4600 
Cie Mato 

Ubitieeercseee: cis 0.030 

a nean Ate 0.040 

eee gee 24 21 21 21 24 24 24 24 24 21 
Ses Seen) 0.023} 0.025) 0.025) 0.025) 0.023) 0.023! 0.023) 0.023] 0.023) 0.025 
je em ae 930.5 

| cane = oe 994.7 |977.9 |977.9 |997.5 |980.6 |981.3 (981.3 |980.6 |994.7 (997.5 
ie SRR 2 963 | 954) 954| 964| 956| 956| 956) 956| 963| 964 
Weta twee 35 

Baim Wea tee 928 | 919) 919| 929] 921| 921] 921| 921/ 928] 929 
Wie eat os 

Te Pe Gees 0.994; 0.960) 0.963} 0.940) 0.981] 0.967; 0.967, 0.975) 0.992) 0.948 
Pah 5 0.023] 0.025) 0.025} 0.025] 0.023| 0.023) 0.023) 0.023) 0.023) 0.025 
Pe = Pace de 0.971] 0.935) 0.938) 0.915] 0.958! 0.944) 0.944) 0.952) 0.969| 0.923 
go ee oy 112.2 104.1 105.0 |100.0 |109.5 {106.3 |106.3 108.1 {112.0 |101.6 
Pe ee coe ee 31.30 25 25 | 21.15 | 29.10 27 27 | 29.10 | 31.30 | 21.15 
v2T2 — X2,.../ 80.9 | 79.1 | 80.0 | 78.85 | 80.4 | 79.3 | 79.3 | 79.0 | 80.7 | 80.45 
 emreepe te © oe 4495 | 4445 | 4470 | 4440| 4480| 4450 | 4450 | 4445 | 4490 | 4480 
Deeciccaaee —3567 |—3526 |—3551 |—3511 |—3559 |—3529 |—3529 |—3524 |—3562 |—3551 
Bee (3 +29 | -12| +13 -27] +21 -9 -9| -14| +424] +13 
Deeaces aR ne —3538 


2 The various terms on the form, which are not self-explanatory, are as follows: 
Vo, average velocity in surface correction zone. 

V, average velocity of overburden. 

X, horizontal distance from shot to recorder. 

Ty, time of first impulse on record. 

Tws, travel time of surface correction zone shot at shot point. 

Twr, travel time of surface correction zone shot at recorder. 

H, depth of charge below surface. 

Tw, average time to penetrate surface correction zone. 

E., elevation of shot above sea level. 

E,, elevation of recorder above sea level. 

Em, average elevation between shot and recorder. 

W, average thickness of surface correction zone. 

Wt, weight determined by quality of record. 

T,, time for reflection. 

Z, depth of horizon below surface correction zone. 

ry datum, referred to mean sea level. 

Diff., difference between average datum for profile and the value found in each column 
Dm, average datum for profile, 


vary from charges of 2 to 10 Ib. for the reflection shots. Table 2 shows a 
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Fic. 11.—VELOCITY CALIBRATION BY SHOOTING IN A WELL. 


arrivals are waves which have been refracted; the transverse waves are 
2 also refracted waves. The ratio Vr: V, = 0.508. 


REFLECTION METHODS IN SEISMIC PROSPECTING 


Fig. 11 shows the velocities obtained by placing shots in a well and 
recording the time of transit from various depths on the surface near — 
the well. This graph is self-explanatory. 


CONCLUSIONS 


It is pertinent to point out that seismic methods of prospecting have 
not reached, and may never reach, a stage where the calculations are 
merely a matter of routine. Geological conditions are not the same all 
over the country. They vary considerably even in any one region. 
Methods that might give close approximations to true conditions in one 
territory may be found to give very great errors if used in another. In 
general, the results presented in this paper are the outgrowth of several 
years of experience in seismic prospecting. Much work remains to be 
done, both experimentally and in methods of interpretation of data. 
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INTRODUCTION 


In the past five years, the reflection method of seismic prospecting 
has been developed to a high degree of perfection. Its success in 
mapping oil structure is due to the unique and definite nature of the 
depth data obtained. 

While articles on the principle and results of this method continue to 
appear in increasing number, there is virtually nothing published about 
the instruments used in this work. Several years ago, the writer started 
an experimental and theoretical investigation with the object of deter- 
mining which characteristics would be best adapted to the problem at 
hand. As a result, an equipment was developed which has proved its 
usefulness in a great number of field tests. 

W. E. Pugh, now with the Empire Oil and Refining Co., joined the 
writer, in 1931 and 1932, in the laboratory experiments and field tests. 
In 1933, a paper was written on Certain Instrument and Field Problems 
in Reflection Seismology, and submitted to the Institute. The part of 
that paper dealing with field tests was published as Contribution 34 
(reprinted in this volume, p. 455). Since then, considerably more labora- 


* Part I, Series of Publications No. 47, Department of Geophysics, Colorado School 
of Mines. 
+ Department of Geophysics, Colorado School of Mines. 
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tory and field experience has been accumulated, so that pea 
instrument problems, has been completely rewritten. 
In this paper, instrument problems in reflection seismology are cor n: im 
sidered from two general viewpoints: (1) which physical characteristics _ 
are best suited to a good reproduction of the ground movement and — 
practicability of field operation; (2) which methods are best adapted to 
the calibration and supervision of performance of the equipment in the 
laboratory. In order to afford the reader an insight into the problems | 
involved, a description and classification of reflection equipments in 
present day use, as well as a description of the equipment developed by 
the writer, has been added. Frequent use has been made of the theory 
of coupled vibrations, and of free and forced oscillations of single systems 
with the fundamentals of which the reader is assumed to be familiar. 


I. REFLECTION EQUIPMENTS 
A. Design FEATURES OF PRESENT TYPES 


Although the design of the majority of reflection equipments now used 
by consultants and oil companies goes back to the original construction 
developed by Karcher and McDermott, there is a great variety in the 
construction of the constituent parts. Despite great latitude in the 
design of the units of a reflection equipment, generally good results can 
be obtained provided certain fundamental requirements are met. 

Three primary and two secondary devices are the fundamental con- 
stituents of the majority of reflection equipments: (1) an electrical pickup 
device, (2) an amplifier, (3) indicating devices, and further, (4) apparatus 
for providing accurate time marks, and (5) a device for recording the 
instant of the shot on the record. 


: 
| 


1. Pickup (Seismograph) 


Although mechanical seismographs were used at one time for the 
observation of reflections, the general practice now is to employ electrical 
seismographs. The function of the latter is to convert the mechanical 
ground vibrations into fluctuations of electric current. Without excep- 
tion the vertical component of the ground movement is being recorded. 
A tabulation is given below of the types that are being used or have been 
used, classified with respect to construction principle, and arranged 
approximately in order of present importance: (See also Fig. 1.) 


Electromagnetic types: 
Induction (constant air-gap) type. 
Reluctance (variable air-gap) type. 
Capacitive types: 
Tuned circuit type. 
Grid coupled type. 
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Pressure types: 
Carbon microphone type. 
Contact accelerometer type. 
Piezoelectric type. 


Electromagnetic Type.—The characteristic feature of the electromag- 
netic type is that the relative movement of ground and instrument frame, 
with respect to the seismograph* mass, produces induction currents which 
may be recorded with or without valve amplification by galvanometric 
instruments. In the induction types, the coils usually move with the 
seismograph mass, or levers attached to it, in a magnetic field. The 
principle of the reluctance types, on the other hand, is that ordinarily 
some sort of an armature is attached directly, or by means of a lever 
system, to the seismograph mass, and moves in the field of a permanent 
magnet to which coils are attached; by the change of flux, induction 
currents are produced in the coils.{ Thus, both the induction and the 
reluctance type correspond to two types of loudspeakers, using them as 
generators instead of motors. The induction type represents the inver- 
sion of the dynamic speaker; the second, which represents the inversion 
of the magnetic speaker, is similar in construction either to the headphone 
receiver or the Baldwin type of loudspeaker. 5 

The following are representative of the induction type: The original 


’ Karcher type, the Imperial Geophysical electromagnetic seismograph, 


the Askania electromagnetic seismograph, and the Cambridge electro- 
magnetic seismograph. The first is named after the author of patent 
1706066 (March 19, 1929). It is essentially a dynamic speaker, with 
ring-shaped electromagnet and a plunger coil attached to the seismograph 
mass. In the seismograph of the Imperial Geophysical Survey, { an 
electromagnet acting as the seismograph mass is suspended from a thin 
steel diaphragm. Attached to the base, and passing between the poles 
of the electromagnet, is a flat stationary coil. The Askania electromag- 
netic seismograph is similar to the Schweydar mechanical seismograph; 
except that at the end of the aluminum cone, attached to the seismograph 
mass, there is a plunger coil, which moves between the poles of a loud- 
speaker electromagnet. In the Cambridge electromagnetic seismo- 
graph, a fine wire attached to the end of the aluminum cone rotates the 
armature of a permanent magnet generator constructed like a galvanom- 
eter. This description of induction seismographs refers to models to 
which there is reference in the literature, and while they were used mostly 
in refraction work in the earlier days of seismic prospecting, their con- 
struction principle, with modifications of dimensions necessitated by the 


* Frequently called the “stationary” or ‘‘steady”’ mass in the seismic literature. 
+ Both types are also used with coils or armatures stationary and with magnets 


as seismograph mass. 
t Numerals in brackets refer to the bibliography at the end of the paper. 
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application to the detection of reflection frequencies, may be utilized for 
reflection receivers. The reflection seismographs used by the Geophysi- 
cal Research Corporation, the McCollumExploration Co., and by Rosaire 
and Kannenstine, are reported to be of the inductive type. Intheseismo- 
graph designed by the writer, to be described later, the principle of coils 
moving in magnetic fields is also applied. a ~s 

The reluctance, or variable air-gap type, appears to enjoy more prefer- _ 
ence at the present time than the induction type. Most of them, like | 
the pickups reported to be used by the Geophysical Service Inc., by the 
Seismograph Service Inc., by the Texas Co., the Empire Oil Co. and the 
Humble Oil Co., are similar to the Baldwin receiver (or Dubois iron-plate 
oscillograph) in construction: A thin plate of soft iron is supported on a 
knife edge or a pin between the pole gap of a permanent magnet or magnets, 
with its plane at right angles to the magneticfield. Itisheld in this position 
by a spring on one and a lever connection to the seismograph mass on the 
other side. The movement of the mass changes the flux between the poles 
and induces currents to flow in a coil which surrounds the iron plate. In 
modifications of this construction the magnet assembly acts as the seismo- 
graph mass. Another type of reluctance seismograph, constructed like 
a headphone receiver, has recently been described by Benioff.“ 

In the capacitive type of seismograph, the mass is mounted close to a 
stationary plate whereby this arrangement may be made to act as a 
variable condenser. It may be used (1) to change the tuning of an 
oscillatory circuit, or (2) to change the grid voltage on the first stage of 
an amplifier. In the first arrangement, the frequency and thus the plate 
current are changed in the oscillatory circuit by the movement of the 
pickup mass; these fluctuations, in turn, may be transferred to a resonance 
cireuit, or directly to an amplifier, or else the heterodyne principle may 
be employed, as in Whiddington’s ultramicrometer. When used to 
change the grid voltage, the seismograph is used much the same way as 
a condenser microphone; in a modification of this construction a movable 
plate connected to the seismograph mass is used between two stationary 
condenser plates, thus acting in a push-pull circuit. As a whole this 
capacitive type seismograph is capable of a great deal of variation. 
Seismographs based on this principle have been suggested or constructed 
by a number of authors, such as Duckert, Gerdien, Thoma, Obata, 
Haeno” and others. It is used at present in the refraction and FcHlectiont 
seismographs of the Petty Geophysical Engineering Corporation. A 
schematic illustration of the inductive, capacitive and pressure types is 
given in Fig. 1. 

Most of the pressure types were in favor in the days of refraction 
shooting, except the piezoelectric type. The carbon microphone type 
was not very satisfactory, because of the frying of the carbon granules. 
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The 1.G.ES. carried out some tests with the Western Electric mining 


detector, which is of the carbon type, and with a hot-wire microphone 


-seismograph.“ Neither has thus far found application in reflection 


work. The Ambronn seismograph®*™ is representative of the contact- 
accelerometer type, which has been employed extensively in refraction 
work but has not, to the author’s knowledge, been used for recording 
reflections. In the piezoelectric type of pressure seismographs, the 


|. ELECTROMAGNETIC TYPES. | ll. PRESSURE TYPES. 


I. CAPACITIVE TYPES. | 
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Fic. 1.—ScHEeMATIC ILLUSTRATION OF INDUCTIVE, CAPACITIVE AND PRESSURE TYPES OF 


SEISMOGRAPHS. 


seismograph mass bears down on the narrow sides of a battery of quartz 
plates cut parallel to their optical axes, thus producing cumulative charges 
of electricity on the larger sides as the pressure varies with the motion 
of the seismograph mass. This idea has been used in station seismology 
by Galitzin, Wood, and Kato,” was used by Rieber™ in refraction 
seismographs, and lately has been employed by Ambronn®”) in both 
refraction and reflection instruments. 


2. Amplifiers 


Virtually all reflection equipments now in use employ an amplifier 
between seismograph and indicating device. The variety of designs in 
use is exceedingly great, both in regard to number of stages and type of 
interstage coupling. At present preference seems to be for the resistance- 
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a 
- coupled type, although a number of companies are also emmplayaite im 
ance and transformer coupling. The number of stages varies greatl 
generally their number is three; some companies, however, employ as 
many as six operated with reduced plate voltage. Despite these varia- 
tions in design, a number of features are usually common to all amplifiers. | 
To give preference to the reflection frequencies, and in order to reduce 
the response to undesired low and high frequencies, arrangements are 


generally made for selective action, either by a separate filter system in — 


the input or by filters built into the stages. Another feature common 
to most amplifiers is an input and output transformer for matching the 
impedance of the pickup and of the indicating device. All amplifiers are 
battery operated and the tube filaments are lighted either from dry 
cells or storage batteries. Most amplifiers are provided with a plate 
current meter and controls for the filters and amplification, and filament 
and output switches. Some companies prefer not to have an amplifi- 
cation control and to balance the over-all sensitivity on the indicat- 
ing device. 


3. Indicating Devices 


The purpose of the indicating devices is to record on rapidly moving 


photographic paper the output of the pickups which has been stepped up 
by the amplifier. Therefore the indicating devices are galvanometric 
instruments of various types; those most generally used at present are: 
(1) coil galvanometers, (2) oscillographs and (8) string galvanometers. 
The coil galvanometers are of the d’Arsonval type but with torsional wire 
or ribbon instead of jewel suspension. They are of much shorter natural 
period than the ordinary coil galvanometers, and therefore are really 
strongly damped vibration galvanometers. Usually they have high 
current sensitivity but do not possess the same dynamic sensitivity for 
higher frequency as oscillographs and string galvanometers, on account 
of their comparatively great moment of inertia. On the other hand, they 
have the advantage of the possibility of electrical damping and good 
optical reproduction, because large mirrors can be used. Oscillographs, 
are perhaps less frequently used than coil galvanometers; they have the 
advantage of high sensitivity and high natural frequency combined, but 
greater care has to be devoted to the design of a good optical system. 
String galvanometers share most of the advantages of the oscillograph, 
but have the drawback of shadow photography, which is somewhat 
tiring for office work on the records; furthermore, the possibility of 
attaining high sensitivity of the string under a microscope of fairly great 
magnification cannot be utilized if it is desired to use a harp of strings in 
the field of one microscope as is generally advantageous for field recorders. 


Some companies use string galvanometers without damping, tuned ‘o 
reflected wave frequencies. 
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4. Time Marking 


The accuracy required for the timing of reflection impulses in the 


yecord is of the order of one thousandth of a second. Consequently 


it has become general practice to project time lines at one hundredth of a 
second interval on the paper and interpolate to the accuracy stated above. 
This may be accomplished in a number of ways. One method, which is 
in rather general use, is to have a 100-cycle tuning fork drive a syn- 
chronous motor to the shaft of which a wheel with 10 spokes is attached, 
one spoke being thicker to mark tenths of seconds on the record. This 
arrangement is used for shadow photography with string galvanometers. 
For black on white records the spoke wheel is replaced by a disk with the 
same number of slots and same arrangement of width in respect to one of 
the slots. Another arrangement is to provide the prongs of a 50-cycle 
tuning fork with slotted diaphragms and to project the slot opening every 
hundredth of a second directly upon the paper. This, however, involves 
a parallax of oscillograph and time record, which can be allowed for when 
evaluating the record. Still another method is to excite the primary of an 
induction coil with a 100-cycle fork and to connect a neon tube to the 
secondary ; the image of the neon glow is projected on the paper. Finally, 
a vibrating reed with attached mirror may be used to project the time 
lines on the paper; the reed is tuned to 50 cycles and its vibration kept up 
by a vacuum tube oscillator or a tuning fork. ‘The direct. photography 
of the wave motion of a reed, or ofan oscillograph driven from an electro- 
magnetic tuning fork, is not used in regular field practice on account of 
the superiority of time lines for the full width of the paper in the timing 
of multiple records. The method is used, however, in laboratory calibra- 
tion and for checking the accuracy of the time lines. The latter is gener- 
ally accomplished with calibrated forks, or with radio time signals. 
(See p. 451.) 


5. Shot-instant Transmission 


The instant of the shot is transferred to the recorder either by wire or 
by radio. Contrary to refraction shooting, only short base lengths are 
involved in most cases, and therefore wire transmission is generally 
preferred to radio transmission. The shot-instant line consists mostly 
of a double wire and is also used for telephone communication with the 
shot point. Current is supplied to the line by a dry-cell battery and the 
line is shot apart when the shot is fired. This may be done by winding 
it around the charge or around a series cap. The latter is preferable when 
the shooting is done in holes with casing that often will produce a re-short- 
ing of the line when it is blown out of the hole. For the recording of the 
shot instant, a separate element may be provided in the recorder, being 
either of the reed type or a regular oscillograph. In most reflection 


~~ 


418 CERTAIN INSTRUMENT PROBLEMS IN REFLECTION — 


equipments, however, one of the oscillographs, galvanometers or string 4 


galvanometers used for the seismograph record is also employed for the 
shot-instant record. In that case, the shot-instant line is coupled to 
‘this oscillograph through a resistor or a transformer. Resistance coupling 
will produce an offset in the oscillograph record when the shot is fired, 
while transformer coupling produces an inductive kick. When using 
radio transmission for the shot instant, a transmitter is set up at the shot 
point and transmits a note or buzz. At the instant of the shot, the 
B-battery lead of the transmitter is broken and thus the transmitter cut 
off; by using a special contact device and a series cap, the transmitter 


Fig. 2.—Srx REFLECTION PICKUPS. 


may also be put on the air when the shot is fired. ‘The receiver on the 
recording end may be provided with a telephone and mirror, or may be 
connected through a transformer to one of the regular oscillographs. 


I-B. REFLECTION EQUIPMENT DESIGNED BY THE WRITER 


The equipment consists of six pickups (Fig. 2), six amplifiers in two 
cases (Fig. 3) and the recorder with six oscillographs, camera, timing 
device, etc. (Fig. 4). Field procedure and recording car are shown in 
Fig. 5. In regard to physical characteristics, the equipment has been 
designed in accordance with the results of theoretical and practical 
considerations given further on in this paper. 

The pickups are of the induction type; i.e., coils attached to the seis- 
mograph mass and moving in magnetic fields. Through a waterproof 
plug a double lead goes from each pickup to the amplifiers, which are 
mounted in the truck. A practical feature about these pickups is that 
they do not have to be arrested and released in field operation, and that — 
the interior mechanism is readily accessible for laboratory tests. On 
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top of the pickups are a level vial and a dust cap; the direction of the shot 
point is indicated by an arrow as it has been found essential to orient the 
pickups always the same way for equality of reproduction. 


Fig. 4.—RECORDER. 


The amplifiers are two-stage resistance coupled. An alternative 
design employs three resistance coupled stages with built-in filter, while 
in the design first mentioned the filters are separate units preceding the 
input stage. Plate current meter, volume control, filament and output 
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switch are on the panel. Three amplifiers are mounted in a case; the 
same holds for sets of three batteries shown in their boxes on the right — 
of Fig. 3. A voltmeter is provided in each box to supervise the voltage 
of each battery set, which is particularly essential in resistance coupled — 
amplifiers. The four boxes containing amplifiers and batteries are ory 
same size and fit into the operator’s rack in the recording truck. 

The recorder box contains six oscillograph galvanometers with their x 
lighting system, timer unit, camera with electromagnetic clutch, the con- — 
trol panel with sensitivity control for the oscillographs, testing arrange- 
ment for the latter, shot-instant input and switch, light switch and meter, 
and a combination switch to turn on the timer and paper clutch immedi- 
ately before firing. Provision is made for visual observation while the 
photographic record is taken. The paper is driven at a speed of 10 to 15 


Fig. 5.—RECORDING TRUCK IN OPERATION. 


in. per second by a spring motor and may be changed readily in the same 
manner as an ordinary photographic camera. Each oscillograph is 
self-contained and may be replaced easily; the vertical and horizontal 
adjustment of the oscillographs is at the top of the recorder behind the 
control panel. The oscillograph galvanometers have a damping of 0.7 
critical (see p. 441) and a sensitivity from 0.1 to 0.8 mm. scale deflection 
for one microampere. Their natural frequency is adjustable in small 
limits and around 200. Records may be taken in daylight but the paper 
must be removed when the truck is closed; however, the arrangement may 
be modified for daylight developing. The shot instant is transferred to 
the truck by ‘a double line and coupled to one of the oscillographs; and 
provision is made for a separate shot indicator, which may be preferred 
under certain conditions, particularly when using radio transmission. 
Fig. 5 shows the recording car (Ford V-8 panel delivery) in operation. 
A reel stand with six pickup lead reels is used, which is folded up for moy- 
ing and placed in the truck. The reels may also be mounted individually 
on the outside of the car. In addition to the amplifier and battery boxes, 
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the truck carries the recorder, which may be adjusted to the operator’s 


position on a movable rack, the telephone, developing trays, and two 


-eabinets for radio parts, etc., and chemicals. The pickups are mounted 


behind the driver’s and companion’s seats. Originally provision was 


‘made on the recorder to fire the shot from the observer’s station, but this 


practice has been abandoned in favor of firing by signals from the shot- 
master’s location. This is more advantageous for field operation because 
it saves a double line from the truck to the firing point. 


II. CHARACTERISTICS OF REFLECTION SEISMOGRAPHS 


In the following chapter a discussion is given on the characteristics 
of reflection equipment based upon the theory of interaction of pickup, 
amplifier, and galvanometer. ‘The latter holds for electromagnetic 
seismographs only but it may readily be modified for the capacity and 
piezoelectric type of pickup, while the relations for amplifier and gal- 
vanometer remain the same, of course. The electromagnetic type of 
pickup has been selected for this discussion because it is the type most 


— widely used at this time; furthermore, it includes the inductive and the 


reluctance type, the frequency characteristics of which are the same, and 
the sensitivity constants only slightly different. While for simplicity, 
therefore, the sensitivity constants are written for the inductive type of 
pickup in the following discussion, the respective constants for the 
reluctance pickup may be substituted in their place as derived, for 
instance, by Benioff.“ 

In order to determine the most desirable characteristics for reflection 
seismographs, it is necessary to inquire first into the nature of the mechan- 
ical and electrical quantities that constitute the important characteristics, 
and to this end the type of coupling or interaction existing between the 
various constituents of a reflection equipment must be investigated first 
(A). Then the relations can be stated which control the action of pickup, 
amplifier and galvanometer under the influence of such forces individually 
(B), and combined (C). These final relations will permit of stating 
which static and dynamic characteristics are essential for the over-all 
response (D), and how their values should be selected for the most advan- 


tageous results (E). 


A. Types or COUPLING IN ELECTROMAGNETIC SEISMOGRAPHS 


Considering the transfer of energy between the various constituents 
of a reflection seismic equipment, it will be found that combinations of 
essentially three types of coupling are involved. These are in ascending 
order of the time derivatives of the displacements: (1) force coupling; 
(2) viscosity and friction coupling, and (3) inertia coupling. 


; eo 


The differential equations for each system are given I 


dots for the second derivatives of the displacements with respect to 
time. The subscripts refer to the systems 1 and 2. The equations hold — 


for small displacements; i.e., small angular deflections ¢, thus avoiding a 


elliptical functions cectiitinige from sin ¢ terms. The equations are uni- 
versal for all mechanical (seismograph, pendulum, magnetometer, spring — 
suspension, galvanometer, oscillograph) and electrical circuit phenomena. — 
Thus, m stands for the mass in linear, and for the moment of inertia in 
angular displacements, and for the inductance in electrical systems; c is 
the restoring force for unit displacement (the spring constant), or other 
elastic, or magnetic, or gravitational force in mechanical systems, or the 


reciprocal capacity in electrical circuits. mis is in all cases equal to the 


natural angular frequency wo of the system. 


Force Coupling: m4, + ¢c1t1 = — (1] 
Moke + Cote = Coker 


in which k; and ke are coupling coefficients. 

The force coupling applies to all reproducing instruments such as 
telephones, galvanometers, oscillographs and the like (and electro- 
magnetic seismographs in calibration, see p. 444) 


Viscosity and Friction Coupling: mié. + cit. = —pi(ai — aon [2] 
Mote + Cole = —DPo(%e — rek1) 


in which p is the damping resistance (force on a mass moving with unit 
velocity), and r the frictional resistance. 

Friction and viscosity coupling is involved in the transfer of the ground 
motion to the seismograph mass through mechanical friction and the 
damping fluid. 

In these equations, two assumptions are made: (1) that the velocity 
of the currents set up by # in the damping fluid is so small that a term 
considering damping proportional to the square of the velocity may be 
neglected; (2) that the frictional resistance is proportional to the velocity 
of the damped motion of the second system. This is for forced oscilla- 
tions. For free oscillations Coulomb friction appears as a constant 
force. The frictional coefficients are the same in either case. For the 
static determination, see p. 446. 


[3] 


Inertia (Acceleration) Coupling: mi#; + citi = Gide 
Met + Col, = Guat 


in which G; and G2 are the coefficients of acceleration coupling. The 
equations express conditions of energy transfer in undamped inertia sys- 
tems, like the transfer of ground movement to an undamped seismograph. 


- three types of coupling. The single dots stand for the first, then feet 
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These relations can be simplified for the present problem by assuming 
that the transfer of energy takes place in one direction only; i.e., that the 
secondary systems receive no energy from the primary systems. Thus, it 
is assumed that the ground receives no energy from the seismograph 
mass, that the amplifiers do not react back on the seismograph coil, 
and that the amplifier is not affected by the galvanometer movement. 
True enough, there is a reaction of amplifier upon seismograph through 
the primary of the input transformer if it is used, but this is taken care of 
in a term expressing electromagnetic damping. The galvanometer 
likewise is affected by the secondary of the output transformer of the 
amplifier, but there again this effect may be included in the damping. 
The use of an amplifier between seismograph and galvanometer prevents 
the coupling of galvanometer and seismograph through the rectifier action 
of the tubes. If such is not the case—if the galvanometer is connected 
directly to the seismograph, as in Galitzin seismographs—the mutual 
coupling leads to fourth order differential equations for which Wenner™ 
has worked out the solution. 

The restrictions given to the transfer of energy allow of applying 
the above equations to the coupling occurring in electrical seismograph 
systems; they occur there in combined form. Energy is transferred from 
the ground to the seismograph mass; first, by virtue of the inertia of the 
mass and second through the damping fluid. Therefore combination 
of both equations 3 and 2 applies. The mechanical energy of the seismo- 
graph mass is transferred into electrical energy in proportion to the first 
time derivative of the mass displacement. The coupling of the seismo- 
graph coils to the amplifier is involved and depends on the type of input, 
output, and interstage coupling used. As both inductive and capacitive 
coupling is involved, it may be assumed in first approximation that the 
electrical action of the amplifier is equivalent to a combined force and 
inertia coupling, combined with damping. The indicating device is 
connected to the amplifier by force coupling. Its action is expressed 
therefore by equation 1, and combined with damping. 

The significance of the above equations goes, however, further than 
that. It will be shown later that an inertia system provided with an 
electrical output device may be converted into a force-coupled system 
if the generator action is reversed to motor action. This is a valuable 
help in the calibration of seismographs, for it reduces the dynamic 
determination of the output characteristics of an electrical seismograph 
on a shaking table to a much more convenient method with the seismo- 
graph stationary. By a simple combination of two such determinations 
for both seismograph and amplifier-oscillograph, and one calculation com- 
bining the two, the shaking table may even be dispensed with for deter- 
mining the over-all characteristics of the entire equipment. Details on 
this method will be found in part III, on calibration. 
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II-B. Action or Pickup, AMPLIFIER, AND GALVAN 


1. Pickup 


; wimp 
Mechanical Action.—In view of what was said in the foregoing pa a- 


Dividing by m, substituting = = w) as natural undamped frequency, 


G 
_and with a coupling coefficient of re —1, 


¥1 + wo? +21 = —ie 


In most electromagnetic seismographs the coil or armature is attached 
by a lever to the moving mass to magnify the movement. Introducing 
the ratio of coil displacement a to mass displacement x1, and designating 


> by V (geometric or static magnification), as customary in seismology: 
1 


a + wo = —Vi [4] 


Reflection records obtained by various investigators with equipments 
of widely varying construction indicate that the ground displacements 
occurring when a reflected wave impinges on the surface may be closely 
enough considered as a damped harmonic motion of the form 


2 =X» ¢eF sin wi [5] 


where X is its maximum amplitude, x its value at the time ¢, w the ground 
frequency, and 6 a damping exponent. 

For a preliminary consideration of the action of an undamped seismo- 
graph also the damping of the ground motion may be temporarily disre- 
garded so that the solution of eq. 4 is: 

@? 


2 
A or W = V——, or W = Vo'f [6] 


@ 
C=sVe 3) , > 
Wo? — w Wo? — w 


; 1 
with f = be 28 the undamped frequency factor and W = - the 


dynamic undamped magnification. In case of resonance, w = wo, and W 
is theoretically ©; if the ground frequency is much greater than the 
instrument frequency, W = —V;i.e., the dynamic magnification is equal 
to the static magnification. If, finally, the instrument frequency is much 


greater than the ground frequency, W = mie w*, the seismograph responds 


to the square of the ground frequency; i.e., the ground acceleration, but 


with a much reduced magnification —- 
wo 


“se 


- graph about the transfer of energy in coupled systems, the equations for : 
the constituent parts of the apparatus may now be set up. For the 
inertia coupling of ground and seismograph, equations 3 are applied. 


a 


a | 


——— 
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a ‘The mechanism of an undamped seismograph has been considered 
merely as a means of preliminary orientation in the problem. In reflec- 
— tion seismographs, damping is an absolute necessity, to reduce the dura- 


tion of natural free oscillation to a minimum, as well as to smooth out the 


dynamic response curve. To set up the equations for this case, the 


viscosity damping has to be added (eq. 2) to the inertia coupling so that 
with disregard of friction and regeneration, division by m as before and 


substitution of 2e for a 


G + 2eé + wo = —VE (7] 
For the ground displacement, again a periodic damped motion is 
assumed, as given in eq. 4 and substituted in eq. 7. Then the solution 


: 1 : 
a = Ae sin (wat + py) + VXw'e*! Ved att} dea? sin Ge +) [8] 


This equation represents the superposition of two damped motions. The 
first particular solution is the damped free motion of the seismograph 
with the maximum amplitude A at the start, wa the damped frequency, 
(wa = +/wo? — €?), and y the phase angle at t = 0. The second partic- 
ular solution is the dynamically magnified ground motion which is 


2 : 
recorded with a phase shift ¢ = arctan een ‘Thus in the stationary 


state, after the first term has vanished,* the dynamic magnification is 
given for corresponding phases by dividing the second term of eq. 8 by 
eq. 5. Then the dynamic damped magnification : 

1 


or 
V (wo? = w?)? + 462w? ‘ 9] 


Vora, with fa = a/ (wo? — 0) + 4e2w? 


Wa = Vow?: 


Wa 


where fa is the damped frequency factor. The geometric relation of the 
reciprocal damped and undamped frequency factors and phase shift 
is shown in Fig. 7; hence 

fa =f cosy and W.a= W cos¢ [10] 

The damped dynamic magnification is thus less than the undamped 
dynamic magnification. ‘ 

Fig. 6 shows the variation of phase shift with the “tuning factor” n; 
i.e., the ratio of ground and instrument frequency. On the left of the 
resonance point, the recorded motion is in the same direction as the ground 
motion; on the right, in opposite direction. If damping were not present 
there would be a sudden change from one direction to the other in passing 
the resonance point. Damping, particularly near critical, provides 


* A discussion of onset conditions is found on page 441. 
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for a gradual transition. This may be enhanced i by selecting the na’ 1 
frequency low enough to place the phase change with ground frequency 
( in the range of least change on the right (see p. 437). Fig. 8 shows the rl 

- dynamic response of the seismograph for various ge shae of damping as a 


function of the tuning factor. The damping degree 7 = — is the ratio of 
: : 


actual to critical damping. On the right of the resonance point the 


ra = eS a 


Fic. 7.—GEOMETRIC RELATION OF PHASE, AND DAMPED AND UNDAMPED FREQUENCY 
FACTORS. 


abscissas are reciprocals of the tuning factor. For ground frequencies 
smaller than instrument frequency, the dynamic magnification increases 
approximately with the square of the ground frequency; onthe right, if 
the instrument frequency is much lower than the ground frequency, the 
dynamic response is essentially equal to the static response regardless of 
damping. If a band of ground frequencies is well defined in frequency, 


a2) 


is desirable to operate with a low instrument frequency and high 
static magnification level. Both requirements, fortunately, can be 
- eombined (see p. 437). If there is danger of frequencies trespassing in a 
- region near the resonance point, additional damping must be provided 
for. The necessity of strong damping follows, besides, from the need 
_of suppressing free oscillations. 
The principal feature of the response curve for inertia coupling 
is that for strong damping the dynamic magnification increases steadily 
with extraneous frequency to the static magnification level. The oppo- 
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Fic. 8.—FREQUENCY RESPONSE OF INERTIA-COUPLED SEISMOGRAPH, MECHANICAL 


ACTION. 


site holds for force coupling (Fig. 9) where the dynamic magnification 
decreases with frequency from the static magnification level. 

The damped resonance frequency in an inertia-coupled system is 
greater than the undamped resonance frequency; in a force-coupled 
system it is less. The resonance frequency for a damped mechanical 
seismograph follows from a differentiation of the square of the reciprocal 
of wfd (eq. 9) with respect to w? to 


wo” 


oOo = SG] 
V wo” — Qe? 


which reduces to , = 0 for the undamped system. Fig. 10 shows the 
relation of undamped natural frequency, damped frequency, and 
resonance frequencies for inertia and force coupling. 


[11] 
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Fig. 9.—FREQUENCY RESPONSE OF FORCE-COUPLED SEISMOGRAPH, ELECTRICAL- 
MECHANICAL ACTION. (See also page 433.) 


Electrical Action of Seismographs.—The equations given in the follow- 
ing section hold for the electromagnetic type only. Specifically, the 
derivations are given for the induction type. For the reluctance type, 


-_—--—- ~~ 
- a See 


Pao mena nnn nn Damped Resonance Frequency Inertia Coupling ----- aes 
SarRe Damped Resonance Frequency-orce Coupling -» ~~ 


Fa. 10.—RELATION OF UNDAMPED AND DAMPED NATURAL FREQUENCIES, AND DAMPED 
RESONANCE FREQUENCIES. 

the formulas have been derived by Benioff and need not be repeated here. 

The voltage output of both the induction and the reluctance types are 

proportional to the velocity of the moving mass. 


¢. A. HEILAND 


For a simple type of induction pickup with a number of circular coils 


- moving in radial magnetic fields with annular pole pieces (dynamic 


speaker type) the induced electromotive force is: 


da 


B= -He l= 


[12] 


with H, as average strength of the magnetic fields and / the total length of 


wire; for a circular coil, 1 = dr N where d is the mean diameter and N the 
number of turns. 

Into the last equation, the value previously obtained for the coil 
amplitude a (eq. 8) is substituted. ‘The electromotive force produced by 
the free oscillation of the damped mechanical system is proportional 
Ae“*(wa Cos wat — € sin wat) and may be disregarded for small values of 
wa; ie., strong damping. The electromotive force due to the forced 
oscillation is: 


E = =HIVXe* , -osin(@ott 5+) [13] 


ae V/ (wo? a= w?)? + 46%? 


where for simplification the assumption of damping of the primary motion 
has been dropped. Using previous symbols, eq. 13 may be written: 


E = TwVofaX sin (wt + 90° a ¢) [14] 


with 7 as transmission constant. The equation shows that the induced 
electromotive force increases with the frequency of the ground motion. 
This is verified by Reutlinger’s experiments (Fig. 11) which also show 
that the voltage output is hardly affected by the mechanical seismograph 
characteristics provided the natural frequency islow. The linear voltage 
characteristics are modified, however, by force-coupling the seismograph 
to the galvanometer (curve b). The peaking of this last curve will 
further be affected by the characteristics of the amplifier as shown below. 


2. Amplifier 


To set up an accurate equation for a seismograph amplifier would 
require individual consideration of all circuits and couplings involved. 
In view of the wide variety of circuits employed, it is doubtful whether 
a complicated system of equations would be of general value in revealing 
the general relations applying to any kind of amplifier. Only a most 
general and approximate solution is attempted here. For setting up the 
amplifier equations the relations given on page 422, with their electrical 
equivalents, may be used. 

As far as the coupling of the amplifier to the seismograph is concerned, 
the assumption is made that the energy passes into the former without 
effect on the latter (except for the effect of the input transformer primary 
on the electromagnetic damping of the seismograph, which is incorporated 
in the damping). The coupling coefficient of amplifier to seismograph 


- en, ’ on none _ pa Tae = = ae ‘e=. a 
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Dupo jo ot a 
if done inductively may be put = ki = ALE ;in a 1e 
; ‘TL naa 

34 ny * i 


output coupling to the galvanometer kz = TL, 
V Lsks 


coupling coefficients ks, k4, ete. depend on the type of coupling used. The | 
over-all voltage gain, consisting of tube and interstage, as well as input 
and output amplification, may be designated by Va. The combined _ 
action of all inductances is assumed to be represented by L, that of the _ 
capacities by C, and of the resistances R. This permits of considering 


E.m.f. millivolts 
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Fig. 11.—ExpErRIMENTAL RESPONSE CURVES OF ELECTROMAGNETIC SEISMOGRAPH, 
3 : AFTER REUTLINGER. 
a, dynamic mechanical response; e.m.f., induced voltage; b, galvanometer response. 


the amplifier as a damped oscillatory system with the damping factor 
R 1 
é = 57 the natural undamped frequency wa = Vie’ and the damped 


1 /4L - , 
frequency wa = o74/-G — R?.* It is assumed that all circuits in the 


amplifier are highly damped. 
With a periodic voltage output EH of the frequency w furnished by the 
seismograph the current output of the amplifier may be written 
: reas EVw 1 ; 
¢ = Be~a' sin (waat + Yo) + i 7 aa oes sin (wt + ga) [15] 
The first portion of the equation again represents free oscillations of 
the amplifier with an initial maximum amplitude B and phase angle ¥, 
corresponding to the displacement at the time = 0. This term may be 
disregarded provided the amplifier is strongly damped. The second term 
is a measure for the dynamic magnification of the output current for the 
impressed voltage and is thus 


Ree 
W.= im ng [16] 


*See page 448 for significance of these quantities 


; ae 
! VJ (wa? ne w?)? <a 4e,2e? 
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where fa is the damped frequency factor of the amplifier or 
1 . 


va is the phase shift of current and voltage 


nput; ga = arctan ae = arccos fe 

The current output is proportional to the first time derivative of the 
voltageinput. This is verified by laboratory experiments. The dynamic 
response curves of selective amplifiers such as now used in reflection work 
show, in laboratory tests, such close approximation to damped 
oscillatory systems in regard to their frequency response that the equa- 
tion stated above may be assumed to be essentially correct. (See also 
p. 448.) 


3. Oscillographs and Other Types of Recording Instruments 


The types of recording instruments generally employed are (a) oscillo- 
graphs; (b) coil galvanometers and (c) string galvanometers. The differ- 
ential equations for these types will be given in the same order. They are 
force-coupled to the amplifiers; hence, eq. 1 applies, combined with 2, 
to take care of the damping. 

In the oscillograph a loop is placed in the field of the air gap of a 
magnet of the length L and the field strength H. The distance of the 
loop wires or ribbons is 2d. Its plane of rest is parallel with the lines of 
force. A current 7 produces the couple —2HiLD cos ¢ where ¢ is the 
angle of deflection; thus, the couple is —HzS cos ¢ with S = 2Ld as 
effective loop area. For static deflections this is equal to the elastic 
restituting force of an equivalent single wire with the torsional coefficient 
7, so that the elastic couple = rg. Thus the equation of motion, with 
K = moment of inertia; and putting cos 9 = 1 for small deflections: 


Ko+ re = HS [17] 


To this, damping has to be added. It is composed of electromagnetic 
and/or liquid damping. The former is due to the electromotive force 
induced in the moving loop, which in turn generates a magnetic field 
acting as braking resistance to the movement. As the counter e.m.f. 

HS ; : 
is HS¢, and its current aes (2) = oscillograph, and Zo - ae 
and transformer secondary impedance), the braking moment is rao at Q. 
Substituting for the factor of ¢ an electromagnetic damping force d. and 
adding to it the force of liquid damping dm, if such is applied, eq. 


17 becomes 
Ke-+6(d: +n) + re = HS [17a] 


=" ; . 
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~ 


~ ‘ 
uae division by K, substitution of 2¢, for — a 


se (6 = paper amplitude of light spot, if auitocoliimeatiohial pocorn is 


used, with fo as focal length of lens before oscillograph mirror) for a the 
differential equation of motion of the oscillograph 


ay 


ieee 
6 + 26,6 + 0,2 = (18) 

For a coil galvanometer suspended by a string with the torsional 
coefficient r, the moment of inertia K, and the number of turns N, the 
last equation is 


Fateh + ae a. [19] 


In a string galvanometer, the lateral displacement of a wire or a harp 
of wires in a magnetic field is photographed through a microscope or a 
number of them. If Lis the length of the string between the pole pieces, 
H again the field strength and 7 the current, the force exerted upon the 
string by the current is HiL. With m as the mass of the string, ) its 
total length, a its sectional area and p its density, and P the tension, 


the natural frequency of the first fundamental is w, ae oi Hence 
\ ap 


the equation of motion 
mb + mw,*b = HLi 


; 
’ 
. 
i 


which may be written for amplitudes 6 on the paper obtained through 
magnification of a microscope with power M, and with (combined air and 
electromagnetic) damping 2e,: 

b + 2b + wb = with 


™ 


“4 [20] 


Equations 18, 19 and 20 may be combined into one general equation 
for all types of recording galvanometers by introducing the ratio of direct 
current sensitivity V, and moment of inertia K, or Vo Re for a or 


2f.DHSN MAHAL 
can OLS RAra Then the general equation: 


biupowB do wpebiy ee [21] 


the solution of which for a periodic current of the frequency w and the 
peak value I 


She IV, 1 3 
b = Ce~*' sin (wast + ¥,) + K aA ieee Teat sin (wt + gy) [22] 


~ rent: g, = arctan 
r ? Po Og? ZAG 
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y, is the phase shift of galvanometer movement and impressed cur- 
2egw 
= 3 = arceos i (ratio of damped and undamped 
g 

-galvanometer frequency factor). The first term is the free damped 
movement of the galvanometer and may again be disregarded for the 
consideration of the damped dynamic magnification characteristics, and 
provided the damping is sufficiently strong; the second is the dynamically 
magnified current. Thus the dynamic galvanometer magnification may 

be written: 


¢ 
We = 58 fie [23] 


The dynamic response of recording galvanometers is shown in Fig. 9. 
The magnification falls off with increasing frequency below the static 
magnification (or d.c. sensitivity). This is opposite to the mechanical 
behavior of a seismograph, the dynamic magnification of which increases 
with an increase in frequency until it approaches the static magnification 
level. The former is a peculiarity of force coupling, the latter a peculiar- 
ity of inertia coupling. For an electromagnetic seismograph, they may 
be converted into one another, as discussed on page 444. 

The damped resonance frequency of a force-coupled system is dif- 
ferent from that of an inertia-coupled system. While in the latter it is 
greater than the undamped resonance frequency, it is smaller in the former 
and is given by 

ora = Vw? — 2e? (see Fig. 10) [24] 


II-C. Compinep Action or Pickups, AMPLIFIERS AND OSCILLOGRAPHS 


In order to find the combined action of the constituents of a reflection 
equipment, eq. 22 is used. For i, its value obtained in eq. 15 is sub- 
stituted; the voltage input in eq. 15, in turn, is obtained from eq. 13. 
For the calculation of the combined dynamic response and with the 
assumption of strong damping all terms describing the free damped 
oscillations are disregarded.* Thus with ¢, as the resultant phase shift: 


4 
p = DV VV oe" f,. fra fos X sin (wt + ¢7) [25] 
KL 
Thus the over-all dynamic magnification W, 
W, = Wa: Wa‘ Wy oT [26] 


where the constituent dynamic magnifications are given by equations 
9, 16 and 23 and the term wT designates the transfer of mechanical into 
electrical energy in the pickup as given in eq. 14. 

fa, faa and fa are the damped frequency factors of seismograph, 
amplifier and galvanometer as used before, which for critical damping 


*For a discussion of onset conditions, see page 441. 


: if i S ELty 1 ‘et? ai “~ 
fem srpat Ie arr at Mm oF at . 
. i 
and for damping 0.7 critical (, = ms = a5) (see p. 441). : : 
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1 
By substitution of a for w,?, wa? for VEC and w = Nw = NaWa = NgWg 


(n = tuning factor), and 7 = oe (ratio of actual to critical damping) 


5 = LVV eV Co 1 1 ; 


wot (1 — 1)? + dn? (1 — nat)? + Anan 


| 
athe) Be 
From this equation the dynamic response curve of the entire equip- 
ment may be calculated for any ratio of ground frequency to natural 
frequencies of the various constituents, and any ratio of actual damping 
to critical. However, when an equipment is available, it is much easier 
to determine the over-all dynamic characteristics by response tests of 
seismograph and amplifier with oscillograph, and to combine them as 
discussed in further detail in part ITI. 
Among other things, the galvanometer deflection is inversely propor- 
tional to the natural frequency of the seismograph. This can also be 
proved by another line of reasoning offered in part II-E. 
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D. Static anD Dynamic CONSTANTS 


The dynamic response of the entire reflection apparatus and its con- 
stituent parts is characterized by two types of instrument constants: 
(1) those that affect only the sensitivity, and (2) those that affect both 
sensitivity and frequency response. The former are not related to time 
and may be called static; the latter may be called dynamic constants. 
The static constants are: (1) the geometric magnification of the pickup; 
(2) the electrical sensitivity of the pickup; (3) the gain of the amplifier, 
inclusive of amplification due to input and output coupling, and (4) the 
d.c. sensitivity of the oscillograph. 

The second type are frequency constants and comprise: (1) the natural 
frequencies of pickup, amplifier and oscillograph, and (2) the damping 
factors of pickup, amplifier and oscillograph. 

With the exception of damped and resonance frequencies, all other 
quantities utilized before—dynamic magnification, phase shift, damped 
and undamped frequency factors—are of secondary nature and depend 
upon the extraneous frequency. 


=—— =a Cl = 
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II-E. DrsmraBLE VALUES FoR STATIC AND DyNaMIc CONSTANTS 


In a reflection apparatus consisting of three units (pickup, amplifier 
and oscillograph), which in themselves permit a wide variation in their 
mechanical and electrical design, there are, naturally, a number of ways 
in which units of different characteristics may be combined to give 
the same result. This holds for both sensitivity and frequency character- 
istics. While it is generally agreed that high sensitivity is desirable, the 
total sensitivity may be accomplished by making either the pickup, or 
the amplifier, or the oscillograph, or all of them, or any two of them, very 
sensitive. It is rather general practice to use a selective equipment; the 
selectivity may theoretically be obtained by either peaking the pickup, 
or the amplifier, or the oscillograph. On account of this situation it is 
naturally impossible to give specific values for the static and dynamic 
characteristics of each unit; however, certain conclusions can be drawn 
from the theory and practical field experience as to their general magni- 
tude. As a matter of fact, design practices are widely at variance; yet 
it is surprising that good and apparently faithful reproduction can be 
obtained with most of them. The purpose of the following discussion 
is to set forth, on the basis of the theory derived above, certain principles 
of construction which the writer has found successful in practice. 


1. Static Characteristics 


As far as static characteristics are concerned, the over-all sensitivity 
should be as great as possible as is consistent with stable field operation. 
The geometric magnification of the pickup can be increased by providing 
lever attachments or transmission links on the mass to the coil or arma- 
ture, but this is subject to decided limits due to the possibility of friction, 
secondary resonance peaks, too delicate construction and necessity of 
arresting and releasing. For field operation it is desirable to avoid the 
latter if possible. In the next paragraph it will be shown that a low 
natural frequency of the pickup is desirable and, fortunately, this is 
consistent with high geometric magnification. The electrical sensitivity 
is dependent. chiefly on the strength of the magnetic field and the length 
of the wire. For this reason it is advisable to provide for such arrange- 
ments of the magnetic fields and coils that all or most of the wire is 
utilized for the production of current. Correct selection of materials for 
permanent magnets, electromagnets, pole-piece material and wire is 
important—not to forget good insulation. The gain of the amplifier 
should be as high as is consistent with stability of operation and freedom 
from extraneous disturbances. Impedances of input and output devices 
should be matched correctly to pickup and oscillograph for most efficient 
performance. The d.c. sensitivity of the oscillographs, coil galvanom- 
eters, or string galvanometers should be high. Unfortunately, this 


ae 


ree ibys Ry However, ce using ne aca fields | a 
optical magnification, this disadvantage can be largely overcome. | EF 
this respect the string galvanometer is inferior to the oscillograph 
because, if a harp of strings is to be kept in the field of one microscope, 


the magnification cannot exceed a limit for safe spacing of the strings. | 


Coil galvanometers have the advantage of high sensitivity and good 
optical reproduction, but the disadvantage of high moment of inertia, 
therefore lower natural frequency and less high frequency response. For 
these reasons the writer believes that oscillographs with high frequency 
and high sensitivity are preferable. 

Generally speaking, it appears preferable to work toward increased 
output of the source of power—the pickup. It is possible, of course, to 


overcome lack of sensitivity of the pickup by strong amplification and — 


high indicator sensitivity; but unless the amplifier is carefully shielded 
against extraneous disturbances it is apt to be too sensitive to them, 
particularly with a sensitive indicating device. In some designs, there- 
fore, the first amplifier stage is incorporated in the pickup in order to 
have sufficient signal strength before the impulses reach the amplifiers in 
the recording truck. The only drawback to that is the necessity of 
multiple leads from the truck to the pickup unless battery supply is 
provided for in or next to the pickup. 


2. Dynamic Characteristics 


As far as frequency response is concerned, design practices vary 
greatly. At least one fact seems rather agreed upon; namely, that a 
frequency selectivity of the over-all response is desirable: (1) for giving 
emphasis to the reflections, (2) to eliminate undesirable wave types, 
and (3) to eliminate extraneous disturbances. Undesirable frequencies, 
for instance, are in the lower wave band, the weathered layer waves which 
appear at the end of the record and for certain distances interfere with 
the deeper reflections. In the high-frequency band, there are wind, 
unrest, sound waves, tuning fork effect on amplifier, etc. Fortunately 
in most cases the frequency of the reflected waves varies between 35 and 
70; thatis, lies just between the undesirable high and low frequency bands. 

Theoretically, there are three possibilities in reflection apparatus to 
increase the response to the desired frequencies; on pickup, on amplifier 
and on oscillograph. Their comparative efficiency and field practice 
ability will be discussed presently. The problem is first, however, 
whether peaking by relaxation of damping (resonance peaking) or, bypass 
peaking (by nonresonant filters) is preferable. The former appears to 
be inferior to the latter because it increases the tendency to free oscilla- 
tions, which for reflections of short-time sequence are apt to interfere 
with the proper interpretation of the first impulses. On the other hand, 
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bypassing of undesirable frequencies from an essentially linear over-all 
frequency response will produce the desired peak response without the 
byproduct of free oscillations. Furthermore, as will be shown in the 


next paragraph, peaking of seismograph or of oscillograph at reflection 


frequencies is not desirable from the viewpoint of dynamic sensitivity, 


_ which leaves the amplifier as the most suitable place for a filter system. 


Natural Frequencies; Pickwp.—Obviously, there are three alternatives 
for the natural frequency of the pickup in reference to that of the reflected 
waves: (1) same frequency; (2) higher frequency; (3) lower frequency. 

1. Peaking the pickup at reflection frequencies would have an effect 
upon the mechanical response only if the damping were small. That in 
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Fig. 12.—RELATION OF STATIC DEFLECTION AND NATURAL FREQUENCY. 


turn is not desirable from the viewpoint of suppressing free oscillations. 
Furthermore, the electrical response is quite different from the mechanical 
response (Fig. 11); it is dominated entirely by the linear increase with 
ground frequency, to which the amplifier adds another frequency power. 
Therefore, other considerations have to determine the desirable pickup 
frequency, leaving the alternatives 2 and 3. 

2. For small tuning factors, it is seen from eq. 6 that the mechanical 
response not only lacks uniformity of variation with ground frequency 
but also sensitivity, as the magnification is smaller on the left side of the 
response curve (Fig. 8) (accelerometer type) than on the right side 
(low-frequency type). Furthermore, eq. 28 states definitely that the 
galvanometer response decreases with the square of the natural frequency 
of the seismograph. It can be verified by laboratory experiment that the 
static deflection of a seismograph is inversely proportional to its natural 
frequency (Fig. 12). Summing up, natural frequencies higher than 
reflection frequencies for the pickup are undesirable. 
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3. This leaves natural frequencies lower than reflection freque _ 
as desirable; for them, the dynamic response is more uniform; the s¢ si- 
tivity is great, the electrical output is more uniform. do toerleowy m= 
There are innumerable ways of constructing vertical seismographs, — 
and of selecting spring and mass arrangements that will give the desired - 
natural frequencies and amplitudes. The following is a tabulation of 
spring and mass arrangements generally used, and formulas for the calcu- 
lation of the corresponding natural frequencies: to 


~~ 


Spring suspensions, 
Single springs. 
Horizontal plate spring. 
Vertical coil spring. 
Springs in multiple. 
Springs in series. 
Diaphragms. 
Levers and springs. 
Two-mass systems. 


The action of a single horizontal spring, loaded at its end with a mass 
is defined by the following relation between static deflection a, force 
F (= mg + f, where m is the attached mass + about 30 per cent of the 
spring mass, and f additional extraneous force), and spring constant c: 

i rea ea 


c c 


wl al cele 


a= 


Thus, c = F if a = 1; or the spring constant is the force producing unit 
elongation; it is related to its natural angular frequency wo, by f 


c i 
w= i= J : thus a = % [29] 


As stated before, the displacement is inversely proportional to the 
square of the natural frequency (Fig. 12). With H = Young’s modulus, 
l = length, b = breadth and h = thickness, 


4 Elh> 1 /Eb/h\$ 
C= MA IB and Wo = wet) [30] 


For a coil spring with » = modulus of rigidity, d = thickness of wire, 
N = number of turns, r = radius of same, again 


T Gs my du f ak bh 
Wo et a8) C= 64Nr3° oOo = oN s [31] 


Springs in multiple (Fig. 13) act the same as capacities in multiple; 
thus, the natural frequency of a multiple-spring arrangement 


Wao eta 139) 
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“ 


me NG at 


They are, however, seldom used in prospecting seismographs. Loaded 
diaphragms are employed in the geophone and condenser types of reflec- 
tion seismographs, but are not used as frequently as spring suspensions, 
because of their high natural frequency. The natural frequency of a 


Springs in Multiple Lever Springs Two-mass Arrangement 


Fig. 13.—SpPRING SUSPENSIONS. 


diaphragm with the attached mass m and the total (diaphragm and 
attached) mass M is 


d E i 
a= Saga 4m i 
M 


with d = thickness, r = radius, p density and o Poisson’s ratio. 
A combination of a lever with spring such as shown in Fig. 13 is rather 
customary in electromagnetic seismographs because it gives the possi- 


bility of making the natural frequency of the seismograph less than that 
of the spring alone. The natural frequency of the assembly is wo. = 5 e 


when the lever is used as shown in the upper part of Fig. 130, and 


wo = aie cos? a — mal tan a [35] 
INm ca? 


when the spring is attached below the lever axis. 


C1Co kainate) [33] . 
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A mass suspension as shown schematically in Fig. 12c gives the ] 

bility of increasing the amplitude of the seismograph mass, as the dis- 
placements of the moving bodies so coupled are inversely proportional 
to their masses or 


a: _ Me : 
a = [36] 
The equations for this type of seismograph may be set up by using both — 
sets of equations stated on page 422 for coupled inertia systems. 
Frequency Characteristics of Amplifiers—The frequency character- 
istics of the amplifier are generally adjusted so that the over-all dynamic 
magnification of the entire apparatus is peaked at the desired reflection 
frequency. If the recording galvanometer is peaked as in some reflection 
equipments, the amplifier response may be essentially flat except for 
cutoffs at undesirable high and low frequencies. If the galvanometer is 
not peaked the amplifier should be so peaked that the maximum response 
is obtained at the desired reflection frequencies for both amplifier and 
oscillograph combined; the latter response may be determined in the 
laboratory, using each amplifier in combination with the correct gal- 
vanometer (see page 449). The desired amplifier response may be 
obtained either by separate filters or by providing filtering action in the 
appropriate amplifier circuits. 
Oscillographs.—The dynamic magnification of an oscillograph for 


gy 


frequencies much greater than its natural frequency is given by = = 


while in the opposite case it is oe = const. This condition leaves two s 


possibilities for the design of oscillographs for reflection work: (1) to make 
the natural frequency high so that the dynamic magnification is uniform 
in the reflection frequency range, and (2) to make the natural frequency 
- low so that maximum sensitivity may be obtained. As stated before, 
conditions here are more unfavorable than they are at the pickup. How- 
ever, at the oscillograph the decrease of sensitivity with natural frequency 
can be overcome by stronger magnetic fields and smaller torsional coeffi- 
cients, so that uniform low frequency response may be combined with 
high sensitivity. Incidentally, the rapid decline of dynamic magnifica- 
tion with extraneous frequency of a damped low-frequency galvanometer 
brings about the sharp drop of the over-all characteristics in a Galitzin 
type seismograph. In defense of the coil galvanometer, it should be 
recalled that, with proper selection of its natural frequency its high fre- 
quency cutoff may be utilized for the elimination of these frequencies, 
rather than to provide for it in the amplifier, or amplifier filter. 
Damping.—In regard to. damping, design practices vary greatly. 
For the recording instrument, for instance, some designs use no damping 
(string galvanometer) while others go to the other extreme and apply 
critical or overcritical damping. Damping has to serve two purposes: 
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(1) to suppress resonance unless the particular unit is peaked at that 


_ frequency; (2) to limit natural free oscillations to a reasonably short time. 


If the response of pickup and oscillograph is to be made uniform and 


_ the peaking is done in the amplifier by filter circuits, the damping required 


for such pickup and oscillograph response may be readily calculated. 
The minimum damping ratio to be used is the one for which the resonance 
frequency vanishes. Thus, from formulas 11 and 24, w, = 0 if 2e? = wo’; 
i.e., the resonance frequency for inertia coupling becomes infinite, that of 
force coupling 0. Hence, the minimum damping ratio for both pickup 
and oscillograph: 

min. = VM% = 0.707 critical [37] 


This corresponds to a log decrement A = 2 and a ratio of damped 
amplitudes of 535: 1. 

‘As far as free oscillations are concerned, it is generally known that 
critical damping must be used if it is desired to stop them completely; 
it gives minimum time to a reduction of a given deflection to zero with- 
out overshoot. However, this time in which the new equilibrium con- 
dition is reached is made unduly long by the latter stipulation and may 
be reduced by about one-half if about 5 per cent overshoots are per- 
mitted. It can be shown that also from the standpoint of suppressing 
free oscillations a damping ratio of 0.7 critical will be satisfactory, as 
with it a given amplitude would be reduced to about 24000 Of its original 
amount within the time of one period. 

In accordance with the above, damping ratios in most reflection 
seismographs vary between 0.7 and critical. 

Dynamic Characteristics from Viewpoint of Onset Conditions.—It must 
be borne in mind that the preceding discussion has been based upon the 
assumption of stationary conditions; i.e., the adjustment of an oscillating 
system or systems to extraneous periodic forces of indefinite duration 
after the natural free oscillations of the system had vanished. 

For onset conditions—that is, for the beginning of the motion—this 
assumption no longer holds. There, the free motion of the affected sys- 
tem is superimposed upon the extraneous oscillation and can no longer be 
neglected. In such case the effect depends upon: (1) the tuning factor, 
(2) the damping ratio, and (3) the phase of the affected system and of the 
extraneous motion at the time 0. 

Koch and Zeller‘1*.2!,28) have made an exhaustive study of the relation 
of ground movement and seismograph record for such onset conditions 
in a mechanical seismograph (see also Wilson?™). They found that the 
record obtained by a seismograph of a period greater than that of the 
ground motion generally does not allow an extrapolation to the true 
ground movement in the first part of its oscillation, but only from the 
third or fourth maximum on, and concluded that for a more faithful 
representation of the ground motion at the onset an accelerometer of a 
period shorter than that of the ground motion would be more suitable. 
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This does not seem to be in accordance with the requirement for longer 
natural period deduced from the theory before; however, the reason for 
the discrepancy of views is obvious: Koch and Zeller deal with mechanical 
seismographs only. In electrical seismographs, and electromagnetic 
reflection equipments in particular, the electromagnetic pickup device 
performs a first, and the amplifier a second derivation of the displacement 
with respect to time. Thus the gradual change in the equilibrium posi- 
tion discussed by Koch and Zeller hardly becomes apparent, and their 
conclusion in regard to accelerometric representation of onset conditions 
is confirmed, only in a different manner, and without the detrimental 
effect that the high natural frequency of an accelerometer would exert 
on the static magnification of the seismograph. The derivations resulting 
from a consideration of onset conditions are beyond the scope of this 
paper; be it sufficient to state that for the consideration of the desirable 
instrument characteristics the simplifying assumption of stationary con- 
ditions is sufficient. 


III. CALIBRATION OF REFLECTION APPARATUS 


Calibration of reflection apparatus and its constituent parts is neces- 
sary for two reasons: (1) to give the units the desired sensitivity and 
frequency response; (2) to make the units as much alike as possible. For 
the interpretation of reflection records, it is advisable to have the 4 or 6 
units balanced in reference to amplitude; for the timing of the impulses 
the phase angle of the units should be closely the same. The latter in 
turn depends on the damping and the natural frequency. Owing to the 
nature of the work, it is not necessary that the various quantities shall be 
obtained accurately as far as their absolute values are concerned. The 
greatest possible similarity between units—accurate relative quantities— 
is what is aimed for. 

The tests made concern static and dynamic characteristics and may, 
therefore, be divided into (A) static tests and (B) dynamic tests. The 
definition that will apply to these is as follows: static tests are such that 
the desired quantity is obtained from static deflections, or free oscillations 
resulting from such deflections. Dynamic tests involve forced oscilla- 
tions, either with stationary or with moving pickup (Table 1). To this 
may be added (C) various other tests for timer rate, phase, parallax, ete. 
Before the various tests enumerated in Table 1 are described, a method 
will be discussed for obtaining the dynamic characteristics of the seismo- 
graph and of the entire apparatus without a shaking table. 


III-A. Dynamic TEsts witHout SHAKING TABLE 


Shaking table experiments have been, and are being widely used for 
the determination of the characteristics of station and prospecting seismo- 
graphs. A fairly complete reference list on shaking tables will be found 
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at the end of the bibliography.“ They are used primarily to de 
the mechanical frequency response of seismographs, and the ov all 
frequency characteristics of the entire equipment. It will be shown in 
the following that owing to the physical characteristics of the electro-— 
magnetic seismograph, its mechanical frequency response may be deter- 
mined without a shaking table, and that, furthermore, the over-all 
characteristics of the equipment may be derived by simple calculation 
from dynamic seismograph, amplifier and oscillograph tests without — 
shaking tables. . 

The solution of the problem is comparatively simple because an 
electromagnetic seismograph may be used with either inertia or force 
coupling; that is, either as a generator or as a motor. A second fact that 
makes this possible is that the response curve obtained for force coupling 
may be changed over to the response curve for inertia coupling by 
reflection on the ordinate. This can be proved as follows: 


ise 2 : : : 
We= Sap epee for undamped inertia coupling 
1 1 2 
and caer) ain Gin. SBR for undamped force coupling [38] 
Inertia and force coupling are thus reciprocal; that is, the inertia- cl 


coupled response for a given tuning factor n is equal to the force-coupled 
response to 1/n, and vice versa. This is true for undamped as well as 
for damped response, as is seen from the relationship of the damped 
resonance frequencies for inertia and force coupling. From equations FS 
11 and 24, the damped resonanee frequencies are: 


’ 1 i 3 
= ee for inertia coupling 
ann = = 4/1 — 2? for force coupling [39] : 
0 


Plotting the dynamic response as function of n (and 1/n past the 
resonance point) (Figs. 8 and 9), the response curve for force coupling can be 
converted into the response curve for inertia coupling by the simple 
means of reflection on the ordinate. 

Therefore, by determining the mechanical response of a seismograph 
to constant electrical input and reversing the curve, the mechanical 
dynamic magnification of the seismograph is obtained. Previously, the 
seismograph response to varying ground frequencies could be determined 
only on a shaking table. A simple device for performing this test will be 
described in the next section. ; 

The procedure for determining the over-all characteristics of the 
entire equipment is as follows: After the mechanical dynamic response 
has been determined, the result is multiplied, for each test frequency, by 


—_—<.. = 
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_ H,lw (where Hl is proportional to the electrical sensitivity of the seismo- 
graph), and an electromotive force proportional to this last product 
 [H,lwaayn.] is applied, at various test frequencies, to an amplifier combined 
with its regular oscillograph. Another alternative is to perform the 
usual test of amplifier with oscillograph on constant input, but varying 
_ frequency first and then multiplying the result by the factor [Hsloaayn.]. 


The factor Hl is unessential for the shape of the curve and may therefore 
be omitted for relative determinations. 


III-B. CauipratTiIon METHODS 


Table 1 gives a brief description of the various tests that may be per- 
formed on seismic reflection equipment. Some of these are alternative 
tests and it is a matter of taste and laboratory equipment which of them 
are preferred. Various other tests. are intermediate in nature and need 
only be made for design purposes; i.e., at the beginning of the construc- 
tion of a series of units. The experienced seismologist will find no diffi- 
culty in separating important from less important tests, depending on the 
extent to which he can rely on the precision of construction and thus on 
the identity of physical characteristics. 

There is no particular sequence in which these tests have to be per- 
formed except those that concern interdependent physical quantities. 
It is immaterial whether the order of pickup, amplifier, oscillograph is 
adhered to; nevertheless, the tests will be described below in that order. 
For each individual unit the tests are discussed in the order in which they 
are generally made. 


1. Pickup 


After a pickup is completed, the item that is generally checked first 
is whether the mass or coil, armature, is free to move. This friction 
test can generally be combined with the determination of the natural 
frequency. The apparatus used for this purpose is shown schematically 
in Fig. 14. It consists of a ring that fits over the top of the pickup and 
carries a frequency standard as well as a mirror spindle, which is con- 
nected by means of a thread to the seismograph mass of which the move- 
ment is thus photographed on a recorder drum. An impulse is given to 
the mass mechanically or electrically. If the latter is used, the friction, 
natural period and electrical sensitivity can be determined with 
one record. 

Friction manifests itself on the record by a displaced zero position at 
the end of the motion. The extreme displacements of the zero position 
are separated by the amount 2f (f = friction; friction force = cf.). A 
small amount of friction will often not show as well in the zero displace- 
ment as in the type of amplitude decline. Although the friction tests 
are made without regular damping, there is always a small amount of 
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damping present in addition to friction. The latter may occur in the 
lever transmission from mass to coil or armature, or if such lever trans- — 
mission is not used, in the spring suspensions and the wires from coils to 
frame (if movable coils are used). Needless to say that friction must be 
kept as low as possible, and for that reason must be identified and sepa- 
rated from damping in the record. This may be done roughly by con- 
necting the peaks of the wave record; if this line is straight, friction is 
present; if it is an exponential curve, damping alone occurs. For closer 
analysis, a number of subsequent amplitudes may be measured and both 
their differences and ratios may be calculated. If the difference is con- 
stant, friction is present, while for damping the ratio of subsequent 
amplitudes is constant. Damping decreases the natural frequency; 


Fic. 14.—-TrstTInG APPARATUS FOR SEISMOGRAPHS. 
S, seismograph; M, mirrors; 1, lens; LZ, lamp; R, recorder; c, clamp; F St, frequency 
standard. 


friction does not. For the determination of the natural frequency, 
numerous methods are available: 

1. An impulse may be given to the seismograph mass mechanically 
or electrically, and the free motion recorded photographically, together 
with a frequency standard which may be: (a) a calibrated spring, (6) a 
calibrated tuning fork, (c) an oscillographic record from a calibrated oscill- 
ator, or from 60-cycle current, or (d) time lines projected on the paper by 
any of the means used in reflection records (p. 417). 

2. The frequency standard may be made of the same frequency as 
that to which the pickup is to be adjusted. 

3. Visual methods of determining natural frequencies may be 
employed: (a) a neon-light stroboscope operated from an oscillator of 
variable frequency, or of fixed frequency to which the natural frequency 
of the pickup is adjusted; (b) a stroboscopic disk (Reutlinger™) operated 
from a synchronous motor; (c) comparison with a frequency standard by 
reflecting light from the standard to the seismograph mirror and adjust- 
ment of seismograph to standard for stationary image, or by using the 
same method on a mirror device (oscillograph, for instance), operated by 
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_ variable frequency until the seismograph frequency is determined by 
_ stationary image. 


‘4. The natural frequency may be determined also by connecting the 


seismograph to an electrical oscillator and by locating the point of 
-undamped resonance frequency by maximum amplitude. 
5. The same test may be made on a shaking table. 

6. Finally, the natural frequency may be determined indirectly from 
static deflections as they are inversely proportional to the square of the 
natural frequency. The deflections are produced electrically or mechan- 
ically by placing a weight on the seismograph mass. 

The geometric magnification of a pickup with arm or lever attached 
to coil or armature may be determined by measuring with a microscope 
the comparative displacement of coil and mass. 


Fig. 15. —ELECTRICAL SENSITIVITY TEST OF A CRITICALLY DAMPED SEISMOGRAPH. 


The term H.l, which is the transmission constant T for the transfer 
of a mechanical into electrical energy in the pickup, is determined by 
measuring the “electrical sensitivity”’ of the pickup; i.e., the displace- 
ment for unit current. This may be done visually or photographic- 
ally. Fig. 15 is a record of an electrical sensitivity test of a critically 
damped seismograph. 

A number of methods are available for determining damping: (1) 
from the time required for the seismograph mass to adjust itself to a new 
position, obtained from a record of the type shown in Fig. 15; (2) from the 
damped frequency, and ratio of subsequent amplitudes from a record 
obtained by giving the seismograph mass an instantaneous electrical or 
mechanical impulse (Fig. 16); (8) from a frequency-response curve 
obtained with stationary seismograph and force coupling (Fig. 9); (4) 
from shaking-table experiments—that is, from a determination of the 
damped. mechanical response. For design purposes damping often is 

- determined for varying conditions; that is, for various compositions of 
damping fluid, various heights of damping fluid in pickup case, for 
various temperatures, shunt values and distances of damping magnets, 
and so forth. 

The total dynamic response of the pickup, finally, may be obtained 
from shaking-table experiments or, more simply, from electrical mechan- 
ical tests with constant input as described before in detail. 
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Fic. 16.—DAMPED FREE OSCILLATIONS OF A SEISMOGRAPH. 


amplifier is much smaller than ¢ can be aan on a ze 
receiver. To start with, static tests are hardly : 
possible; all measurements are made with inputs ~ ai 
that vary with time. Before the dynamic tests are 
made, however, the amplifier is put on its galva- 
nometer and a test is made to see whether the 
amplifier has a tendency to be unrestful or to — 
oscillate. The next test is usually made for the ~ 
relation of current output to voltage input, to study 
curve form and phase shift for short impulses. 
Theoretically the current output should be the first — 
time derivative of the voltage input with a phase 
shift following from equation 15. The gain V. of — 
the amplifier may be determined for the straight 
part of the response curve; i.e., with filters cut out. 
Any essential variation from a uniform response 
such as introduced by unremovable input or output 
devices must be considered in the frequency factor 
of the dynamic response. Various methods are 
available. for gain determination, one of the best 
known involving the use of a standard (low-voltage) 
signal generator and tube voltmeter. Natural 
frequency and damping cannot be determined 
except approximately from the dynamic response 
curve. It must be remembered that the natural 
frequency as defined before was introduced for the 
simplification of the mathematical treatment to 
obtain the equivalent of a frequency which a 
mechanical system with the same dynamic response 
curve would have if it were not damped. This 
does not mean that the amplifier would oscillate 
with that frequency if it were not damped. The 
same holds for the damping. The amplifier in its 
individual circuits may be critically damped; yet 
the dynamic response curve obtained by bypassing 
certain high and low frequencies leads to much less 
damping, which in turn is only the equivalent 
damping of a fictitious oscillatory system of the 
same response curve, introduced: for the ease of 
theoretical treatment. At any rate, when taking 
the dynamic response curve as described below, the 
equivalent natural frequency and damping are 
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generally not calculated, but this curve is taken as a whole, as 
described before, and combined with the dynamic seismograph curve 
to the over-all response curve. The dynamic response of an amplifier 
is determined by using a low-frequency oscillator (range from 5 to 
400 cycle sufficient), and the oscillograph with which the amplifier is 
to be used, or measuring its output. The voltage output of the 
oscillator should be constant, which should be checked before every 


Fic. 17.—REcORDS OF AMPLIFIER FREQUENCY RESPONSE, LOW FREQUENCIES. 


frequency test by the amplifier oscillograph. The ratio of current output 
to voltage input gives the dynamic magnification. If the division is not 
made, the oscillograph readings give directly the combined response of 
amplifier and oscillograph (indicated by arrow in Table 1), which is a 
quantity of greater interest than the amplifier response alone. The 
dynamic amplifier and oscillograph tests may also be made by taking 
simultaneous photographic records of the input with a voltage oscillo- 
graph and of the output with a current oscillograph (Figs. 17 to 19). 
If the amplifier is provided with filter control a number of such tests for 


various settings of the controls are made. 
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3. Oscillograph Galvanometers 


Oscillograph tests are concerned with the determination of: (1) friction, 
(2) d.c. sensitivity, (3) natural frequency, (4) damping and (5) dynamic 
response. Friction is generally determined in connection with sensitivity 
tests, although theoretically it could again be obtained from the shape 
of the free oscillation curve. The d.c. sensitivity is obtained from a test 


/nput 


Fig. 18.—REcORDS OF AMPLIFIER FREQUENCY RESPONSE, INTERMEDIATE FREQUENCIES. 


with a dry cell, resistance, milliammeter, and reversing switch, which for 
constant supervision of the galvanometer performance may most con- 
veniently be installed on the recorder control panel. The natural fre- 
quency can be obtained from free oscillations, but may more conveniently 
be determined from a resonance test of the undamped galvanometer with 
a calibrated oscillator. For the same purpose, some of the visual tests 
described before for the determination of the natural frequency of the 
pickup may also find application. Damping may be calculated from: 
(a) the damped natural frequency, (b) the damped resonance frequency, or 
(c) the adjustment time in static deflections. For any determination of 
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damping, it is, of course, necessary to maintain connection to the sec- 
ondary of the output transformer of the amplifier. The dynamic response 
is determined for constant input from an oscillator by observing the 
deflection as a function of the impressed frequency. 


Fic. 19.—REcoRDS OF AMPLIFIER FREQUENCY RESPONSE, HIGH FREQUENCIES, 


IlI-C. Various OTHER TEsts 


A number of other tests must be made in addition to the static and 
dynamic tests discussed above. 


1. Timer Tests 


The accuracy of the timing device must be carefully checked at 
regular intervals. Calibrated forks, preferably arranged for oscillo- 
graphic recording, generally furnish the required accuracy. Absolute 
times are not required; relative time values are sufficient as long as they 
stay reasonably constant, ‘that is, maintain an accuracy of +1 to 2 
thousandths of a second at the end of one second. The variation of the 
timer rate with temperature, if any, must be determined. Tuning forks 
and other timing devices which are not calibrated may be checked against 
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radio time signals, gravity pendulums, 


the laboratory. ny ons to eben = 


2. Phase Tests 


So-called phase shots are made in the field at intervals (or shes 
changes in the equipment have been made) to make sure that for a given 


ground impulse the impulses in the record are in phase and approxi- 


mately balanced. During the laboratory tests of the equipment, a num- 
ber of checks may be made to see whether the electrical connections are — 


correct with regard to phase or polarity, by observing, for instance, the 
direction of deflection of seismograph and oscillograph when testing their 
electrical sensitivity. Wiring of output and input transformer, of ampli- 
fiers, of pickup leads, reel connections, and of connections of amplifiers 
to oscillographs must be correct in regard to polarity, so that in case of 
emergency the constituent parts of the se a: may be interchanged 
without changing the phase. 

Rapid checks of phase may be made in the field by taking a record, 
with all pickups close together, of ground taps at a point at right angles 
to the line in which the pickups are set up. Sometimes, particularly 
when strong lasting impulses are lacking, the peculiarities of pickup 
location become apparent, so that for the very last ground movement 
the recorded movements are not as well in phase as in the first part of 
the record. This is not serious so long as the motion is correctly in phase 
for the first seven to ten half cycles. 


3. Parallax Observations 


Owing to the phase shifts in the various constituent parts of the 
equipment, to the time difference between explosion and shot-instant 
wire break, and to the optical parallax between oscillograph light spots, 
there is generally a time parallax between the first seismic impulse and the 
shot-instant record. This may be determined by shooting a cap not 
farther away than one foot from the seismograph and recording both 
seismic impulse and shot instant, as described further by Mr. Pugh 
in the second part (p. 455, this volume). 
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Certain Field Problems in Reflection Seismology* 


‘By W. E. Pues,+ Denver, Couo. 
(New York Meeting, February, 1933) 


Tur object of the following is to discuss a few of the problems encoun- 
tered in the practical field application of reflection seismology. Very 
little has been published on this phase of the work and it is to be hoped 
that discussions will be presented by many seismologists who have met 
with these problems in the field. No attempt will be made to discuss the 
general principles of reflection prospecting, nor to outline the general 
field procedure. These phases have been presented more or less in 
detail in previous publications' while economy of space and time pre- 
vents their being repeated or amended here. 

If, in the following pages, some criticism is offered of those who have 
already given their time and efforts to present valuable papers on reflec- 
tion shooting, we trust that it will be accepted in the constructive light 
under which it is offered. We do not wish to give the impression that 
the following paragraphs represent ultimate achievement in field pro- 
cedure; they are presented more to illustrate methods we have found 
satisfactory thus far. We believe that the following three subjects are 
inexorably linked with the continued future successes and more wide- 
spread use of the reflection method which, at the present time, is the most 


*Part II, Series of Publications No. 47, Department of Geophysics, Colorado 
School of Mines. 
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powerful of all geophysical methods for I oe dalinentines al 
delimiting subsurface structures. « 


Snot SigNAL TRANSMISSION 


The great time accuracy required in reflection prospecting (0.001 sec.) 
has necessitated a profound study of all possible errors attendant on 
the available methods of transmitting and recording shot moment signals 
and their remedies. Many methods feasible in refraction shooting are 
not practicable in reflection work. In most cases the errors are of a 
variable nature and are difficult to evaluate; hence must be elimi- 
nated. Finally, the ultimate choice must answer practical and econom- 
ical considerations. 


Time Parallax 


Nothing has been published previously concerning the determination 
of the transmission parallax. We do not refer to the optical parallax, 
such as is encountered when using a shot transmission oscillograph set up 
next to a Schweydar type of mechanical seismograph, which should be 
eliminated in the electrical recorders now in widespread use. ‘The time 


parallax referred to represents the difference in the time of transfer of — 


electricity in the shot signal transmission line as compared with the 
transfer of the seismic impulse from pickups through amplifiers to 
recorders. 

This parallax may be of the order of thousandths of seconds and must 
be corrected for. Fortunately, ordinarily the error may be considered 
as constant and is not difficult to determine. 

The more common method of determining the parallax consists of 
carrying out the regular procedure of shot recording. However, instead 
of dynamite, a blasting cap is used as the charge and is exploded very 
close to a seismometer. The shot signal and the elastic impulses are 
recorded in the accepted manner. Then the parallax, if any, may be 
evaluated from the shot record. 

The cap may be either stuck in the ground or simply placed on the 
ground within one foot of the receiver. The latter distance is important 
because the velocity of the impulse in air or in the immediate surficial 
covering is of the order of 1000 ft. per second. Obviously, the travel 
time of the impulse must be less than 0.001 second. 

The parallax determination should be repeated at frequent intervals, 
particularly if any changes are made in the apparatus or instrumental 
arrangement. 


Transmission of the Shot Moment 


Whereas in refraction shooting radio has been utilized because of the 
relatively large shot distances involved, in reflection shooting the explo- 
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sion time is usually transmitted by wire. The ordinary procedure has 


been to hook up one of the oscillograph vibrators, harp strings or a sepa- 


rate indicating device in such a manner that the explosion of the dynamite 


would either open or close an electrical circuit. The deflection thus 


effected is recorded on the photographic film and represents the actual 


shot moment. 


The wire line to the recording device may be (1) wrapped around a 
blasting cap in series with the firing cap or (2) wrapped around the charge 
itself. Usually, only one wire has been used, completing the circuit 
through the ground. Also, the telephone line is ordinarily employed to 
avoid laying out an extra line. 

Method 1 would seem to be the most economical and satisfactory. 
However, the small charges used in reflection work coupled with deep 
shot holes cause difficulties with the erounded circuit; that is, the wires 
are not blown out of the shot hole, so that the ground connection is 
quite often repeated through the broken end of the wire. This repetition 
is especially objectionable if the shot signal is recorded on one of the 
vibrators used in recording the seismic impulse. 

The next recourse is to use method 2. Experience has shown, how- 
ever, that in using caps in series, there is a time lag caused by a lack of 
simultaneity in their explosion. According to G. H. Westby (oral com- 
munication) the error thus introduced may be as much as 0.01 sec. The 
lag apparently is due to chemical differences in the caps, or may be due’ 
to insufficient current in the firing line. At any rate, the error is a vari- 
able one and can hardly be evaluated. 

In the work with the Colorado School of Mines reflection outfit, we 
discovered the difficulties inherent in the two methods described above, 
and decided that the laying out of two wires, thus making a continuous 
circuit of the transmission line, would give us a dependable accuracy. 
Here, also, there is some possibility of the wires joining again momentarily 
after the explosion; in fact, this seemingly remote phenomenon has 
actually occurred and been recorded. For that reason, it is believed more 
satisfactory to use either a separate vibrator, other than those used to 
record the seismic impulses, or an electromagnetic device actuated as is 
the diaphragm of a telephone receiver. 

Incidentally, if a separate device were used, it might obviate the 
necessity of a continuous two-wire circuit. This would depend on the 
characteristics of the recording unit. In some cases, the shot sig- 
nal impulses are picked up inductively by the vibrating elements of 
the recorder. 

There is some possibility of transmitting the shot signal directly 
through the break in the firing circuit. In this case, the circuit would 
have to be continuous, but if the firing is accomplished at the recording 
truck, the connecting leads would be very short. Considerable care 
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current passing through the circuit must necessarily be minute, so that 
any danger of premature explosion of the charge is eliminated. 
Also, it is possible to connect inductively to the firing line. Here 


again, though, the time break may be given by the surge of current i in the © 


line so that any cap lag will produce a variable error. 


Surface Correction ZONES 


By the “surface correction zone” we mean the comparatively thin 
surficial layer in which the seismic velocities are considerably lower than 
in the layers immediately below.? Unless this zone is corrected for—i.e., 
if the average velocity to the reflecting horizon were applied from the 
surface—depth determinations would be quite unreliable. Depths to 
reflecting horizons and, indeed, the average velocities values used in 
calculating the depths are dependent upon accurate correction-zone 
determinations. In this connection, it is suggested that the choice of 
the first fast layer (from the top of which the average velocity value is 
applied) warrants considerable study. 

Probably the greatest source of error in reflection prospecting devolves 
from the inaccuracies in these determinations. Yet, in the few articles 
discussing the surface zone, the subject has been treated rather casually. 
It is admitted that often the errors are not of great magnitude and may 
be unimportant. But there are cases in which such errors are serious, 
particularly where the subsurface structures are of low dip. 

The usual procedure in delimiting the correction zone has involved 
the use of the refraction method on a miniature scale. 


Interpretation 


From a consideration of the travel-time curve plotted from the records 
obtained as above, computations are made for the thickness of the zone 
and the velocities therein. Here we have our primary difficulty. Shall 
we use the straight path or the curved path? Shall we use the refracted 
ray or the so-called ‘‘ vertical” ray? 

Experience has shown that the interpretation of some refraction sur- 
veys over known geologic sections was more correct provided the vertical- 
ray method was used. In the computations of depths and thicknesses 
in the correction zone, we are dependent upon the velocities calculated 


*See O. C. Lester, Jr.: Seismic Weathered or Aerated Surface Layer. Amer. 
Assn. Petr. Geol. Bull. 16 (1932) 1230-34. Mr. Lester’s article appeared after this 
paper was written. 

* The solution of this problem has meanwhile been advanced considerably by 
O. V. Schmidt [Ztsch. Geophysik (1932) 8, No. 8], who comes to the conclusion that 
the refraction path and not the vertical path is most likely the correct one to use in 
depth computations. 


4 See footnote 3. 


would have to be exercised in designing any such device; any continuous © 
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from the travel-time curves. Anyone familiar with the methods of 


refraction interpretation and the formulas for depth in multilayer cases 


will realize the errors that may arise in this miniature application. Beds 
may be missed entirely while the velocities may be only apparent and 
not actual. 
Another method commonly employed in commercial practice is the 
“intercept”? method. That is, the velocity curves are extended until 
they intersect the time ordinate. Depths and thicknesses are then 
calculated from the velocity and time-intercept values. This is merely an 
approximation but is probably just as accurate as the refraction method 
and is less tedious in computation. It will usually give slightly smaller 
results for depths than the application of accurate refraction formulas. 
It has been stated that the surface correction zone does not correspond 
in most cases to any recognizable geologic boundary, such as the zone of 


weathering, etc. This being true, we have no way of checking the mode ; 


of interpretation geologically, except by some other (e. g., electrical) 
geophysical method. However, the very fact that we may have been 
using an incorrect interpretative procedure may be the reason that the 
correction zone does not correspond to any geologic horizon in some areas, 
because it does not seem reasonable that such changes in physical con- 
stitution as correspond to increases in velocity sometimes as great as 
three to four times should not be noticeable geologically. 

The subject presents a problem of interest and importance and con- 
siderably more research should be carried out in this direction. 


Complex Correction Zones in Colorado 


In most of the literature thus far published, the correction zone seems 
to have been assumed to have a constant thickness and constant velocity. 
At least, an average value for both 6 
has been applied to both shot and [ 
receiving points for any one station. 

In our work with the Colorado ojol- $Y, -7500sec-! 
School of Mines reflection outfit 
in eastern Colorado, we found the [ 
zone to vary within wide limits in [ 
short distances. Also, we dis- ies 
covered that the zone could be [ 
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the average-velocity layer had a 
velocity of 7500 ft. per second. ‘This layer evidenced itself on every 
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travel-time curve plotted from the correction zone shots. Thu 
layer that exhibited a velocity less than 7500 was included in the co 
rection zone. Ajceilecet Sine 
In an area of about two square miles, the thickness of the zone varied 
between less than 50 to over 100 ft., while the various velocities ranged 
between 1110 and 5550 ft. per second. As a result, it was necessary to — 
make determinations at all receiving and shot points. Our interpretation 
was based on the refracted ray method. Assuming this to be correct, — 
the error introduced if an average value for the zone had been used would 
have been in some cases as much as 0.01 seconds. 
While an approximation average may suffice in some areas, it certainly 
does not seem applicable in eastern Colorado. The application of an 
average value might result in a false location of the high point of a struc- 
ture. In areas where the formations are dipping gently and the amount 
’ of closure is small, such an error may cause a structure to be missed 
entirely or may show a structure where none exists. However, if the 
survey is for reconnaissance purposes in an area where the dip is fairly 
steep, it may be possible to use average values for the correction zone 
without causing serious error. Fig. 1 shows a typical travel-time curve z 
for a correction zone determination in eastern Colorado. : 


AVERAGE VELOCITY DETERMINATIONS 


General Procedure 


The correctness of the computation and interpretation of reflection 
records depends primarily upon the accuracy of the average velocity 
determinations. 

The most satisfactory method of determining the average velocity to 
any reflecting horizon requires the availability of a logged well in which 
the depth to the bed in question is accurately known. Then by shooting 
in the well at the desired depth with the receivers on the surface or vice 
versa, an accurate value can be obtained for the average velocity to that 
depth. A series of shots, using the well as the midpoint between shot 
and receiver, may serve the same purpose. Another possible method 
would be to shoot refraction profiles in the area under survey. Then 
the average velocity may be calculated from a consideration of the veloc- 
ity-depth curves. This method is open to serious objections, the most 
important of which is the usual error attendant on the refraction method 
and the possibility of missing layers thinner than the critical thickness in 
a given depth. 

If no wells are available in the area to be surveyed, and it is believed 
that a refraction profile will not divulge the desired information with the 
accuracy required in a successful application of the reflection method, we 
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~ must of necessity® have recourse to a method of mathematical analysis of 
a series of reflection records obtained at one location. 


To elucidate, a number of shots are made at one shot point while the 
shot distance is varied for each receiver and each shot. Thus we obtain 
a different reflection time corresponding to each variation in shot distance. 


By assuming that the unknowns, depth and average velocity, remain 


constant, the resultant data from the series of shots may be solved by 
the method of least squares to obtain the most probable values of the 
two unknowns. ; 

Rutherford dwells at some length on this subject and arrives at the 
conclusion that the method is totally unsatisfactory. With this state- 
ment, the writers cannot agree. Rutherford blames the unreliability of 
his results partly on the error in reflection-time determinations. He 
had been using mechanical seismographs, which, to the best of our knowl- 
edge, do not have more than one-tenth of the time accuracy of the better 
and more recent types of electrical reflection units. 

The really serious error made by Rutherford, however, is in the mathe- 
matics of the problem. In the first place, he uses the special case of the 
reflection equation that assumes the reflection bed to be horizontal. 
While this is not objectionable provided the records are taken in areas of 
gentle dips, unless the latter is true one source of error is apparent. 
Secondly, and more important, he considers the reflection equation as 
a linear function and proceeds accordingly. Such a procedure simplifies 
the solution and computation, but there lies his difficulty. The times 
and shot distances are measured in the first power, but his application 
of the method of least squares requires that these observed quantities be 
raised to the second and in some, cages, the fourth power. 


Application of M ethod of Least Squares 


Thus we arrive at the primary purpose of this section. We feel that 
the reliability of the least squares solution and its practicability from the 
point of view of the field engineer can and should be proved. We had 
hoped to demonstrate this by application of the method to records 
obtained both at the surface and in wells, but were hindered by lack of 
finances from completing our plans. While we have satisfied ourselves 


5 In this connection it may be pointed out that the method of ‘slope shooting” 
may be applicable here, at least from a reconnaissance point of view. The use of this 
method requires that the profiles be made in the direction of dip. Tf shooting up dip, 
the reflection time interval between two successive receivers decreases with distance 
from the shot point, and conversely, if shooting down dip, the time interval increases. 
The applicability of this method involves a lateral homogeneity in the sediments for 
any given locality. 

6 Reference of footnote 1. 
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by the results of one field survey, we do not wish to say scene that 
the method is practicable until we have more evidence in its favor. 


-_ a 
- 


The necessity of establishing the accuracy of the method will be 


evident from consideration of the large amount of undeveloped territory 
in which no wells have been drilled. If the reflection method is to be 
applied successfully, we must have an efficient and inexpensive way of 
determining the average velocity. Another advantage will be in the 
determination of the variation of the average velocity as a function of 
horizontal distance. Westby’ points out that north of the Seminole 
area the average velocity increases, in a distance of 80 miles, 1000 ft. per 
second to a depth of 3500 ft. A few determinations by the method 
suggested above would establish whether or not the change is uniform or 
abrupt. We offer the following pertinent quotation from Birge.* 


One may summarize the situation by saying that, except in especially favorable 
cases, least squares’ results, and their computed probable errors, are not as reliable 
as indicated by theory. This fact seems unfortunately so well known that many 
persons have chosen to use other methods (or no method at all) for calculating their 
results. I use the word ‘‘unfortunately”’ because these alternative methods are, 
without exception, inferior to least squares . . . the fact that a certain system of 
computation is not as reliable as over-zealous advocates may claim is no excuse for 
using in its place a still less reliable system. 


This is not intended to be a treatise on the method of least squares. 
Roman’? has developed the application of the method to seismics very 
satisfactorily. The following will show merely the general method of 
attack and will give the complete development for the special case of a 
horizontal reflecting bed with average velocity and depth unknown. 
Roman has given the derivation of the formulas for the application of the 
method of least squares for the general case where dip, direction of dip, 
average velocity and depth are unknown. In addition, he has stated the 
observation and normal equations for the special case of a horizontal 
reflecting bed with average velocity and depth unknown, and has also 
given a tabulation showing the evaluation of the observed data in this 
case. On account of the practical importance of this special case, we 
will give below the complete derivation of the formulas for the applica- 
tion of the method of least squares for the determination of average 
velocity and depth. Before proceeding to this analysis, we will briefly 
discuss the general idea underlying the application of the method of 
least squares in reflection shooting. 

The basic step in least squares procedure is the setting up of the 
observation equation; that is, an equation that expresses the relationship 


7 Reference of footnote 1. 


*R. T. Birge: Calculation of Errors by the Method of Least Squares. Phys. 
Rev, (1932) 40, 207-261. 


9 Reference of footnote 1. 
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between the observed and the unknown quantities. For the general 


_ ease—the determination of the three coordinates of the ‘‘image”’ point 


of the shot—the equation is: 
1 
te Ee 2;)? [1] 


in which ¢; is the reflection time; 2, the average velocity to the reflecting 
horizon; z, y and 2, the coordinates of the image point of the shot; xi, yi 
and z;, the coordinates of the receiving point. The origin of the coordi- 
nates is the shot point. 

Since in actual practice a correction has to be applied for the low- 
velocity surface zone, the data are reduced to a plane of reference. (See 
Fig. 3.) The seismic impulse is assumed to start and be received in 
this plane; hence 2; is equal to zero, and the imaginary shot point then 
becomes the origin of the coordinates. 

The image point of the shot is on a line perpendicular to the reflecting 
plane, which is tangent to the reflecting horizon. Also, the image point 
is the same distance below the reflecting plane as the imaginary shot 
point is above it. 

The observation equation given above assumes a straight-line path 
for the seismic wave. It is quite possible that the wave may travel a 
curved path. However, Ewing and Leet!® have shown that if care is 
observed in choice of the shot distance, the error introduced in assuming 
a straight-line path is practically negligible. 

The solution of the general equation gives the dip and strike of the 
reflecting horizon, as well as the depth and the average velocity. The 
mathematics of the solution are given in detail by Roman and will not be 


repeated here. 


Solution of Special Case; Horizontal Reflecting Bed 


The solution of the general case is somewhat involved and the com- 
putations are rather tedious. In making a reconnaissance in areas of 
low dip, it will usually be sufficient to use the more simple case that 
assumes the reflecting horizon to be horizontal. If one has a general 
idea of the direction of regional dip, accuracy will be aided if the line 
between shot and receivers is in the direction of the strike. 

On account of its practical importance, we will give the derivation 
of the formulas for the application of a least-square solution to the special 
case where average velocity and depth are unknown. ‘This will thus 
supplement the statement of the solution as given by Roman, and will 


10M. Ewing and L. D. Leet: Seismic Propagation Paths. Trans. A. I. M. E. 
(1932) 97, 245-62. 
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aid the field man in yi the calculations for this case. Ir 
to tie this derivation in with the solution and tabulations publishe 
Roman, his notation will be used. 
In the case of the horizontal reflecting bed, we have to put + = 0, 
y = 0, y: = Oand z; = 0 in the general observation equation given above 
(equation 1), so that: 7 E 


fle, 0) = Var Fe — 4 = 0 3] 


We may obtain an approximate solution in any desired manner such 
that (fio = fi(Zo, v0) in which zp) and vo are the approximate solutions. 
The usual method of arriving at these approximate values is to solve an 
exact case. That is, we take the observed values of the reflection time 
for corresponding shot distances and solve simultaneously for values of 
the average velocity and depth. The following formulas may be used 
for these determinations: 


i L_” x xi? ss ape = %17t2” ’ 
v= tee er and z = ae Os [4] | 
Ordinarily, the two extremes for the shot distance and time are used , 


in the above solution; however, this is purely arbitrary. 

As mentioned above, our observation equation, which contains the 
observed quantities in the second power, cannot be considered linear 
because these quantities are linear. No least-square adjustment is valid 
unless the observation equation is linear, hence we must reduce the func- 
tion to linear form by expanding in a series. This is accomplished by 
using Taylor’s theorem. The general principle involved is the deter- 
mination of the correction that must be applied to our approximate values 
to reduce them to more probable values that fit all of our observed values. 

Neglecting products and higher powers of the corrections, we get, 
from Taylor’s theorem: 


of; , 
f@ %) = (fio + @ — a) or + (@ = %) on [5] 
Now ile, 0) = Vat FB ti 
of (2, v) at @ 


and the derivatives are 


02 vW 22 + 22 


voW 22 + 20? 
A(fi)o ew xi? + 20° 
ov 


Vo" 


To simplify the nomenclature, let 
A a 
0 05 
Xi 
—2o 


Substituting these values in equation 5, we get 


Rearranging terms and equating to zero, we have the linear observa- 
tion equation 


rpi i b\ieen 
lca vo( 2 = i) [7] 


Substituting these values in equation 7, we have the observation 
equation in its final form: 
w + p2 = vopies [8] 
According to the usual procedure in least squares, we may write the 
following normal equation for n observation equations: 


nw + Tp2d = voLpier = Wopiei 9 
Dp2w + Dpith = voLpses = Dopires 
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Equation 9 may be solved simultaneously for \ and w, where. 


pies LpitDvopies — Vp? Zvopir*es 
nZpi* — (Zp;”)? 10 
er nDvopites, — Dvopi€i Dp.” [10] 
nZpit — (Zp,?)? 
Then 
w 
Z2=>2Z-— 
Zo {11] 
v= Vo(A + 1) ; 


If the values z, v, as found by the above solution differ to a large 
extent from the approximate values, Zo, V0, the new solutions should be 
used as approximate solutions and the calculations repeated. As soon 
as any set of approximate and calculated solutions agree within the 
limits of error of the particular problem, the latter are taken as the final 
solution of the problem. The factors in equation 10 may be arranged in 
any convenient form of tabulation for ease in computation. 

In his example 6 (ref. 1), Roman has demonstrated how the approxi- 
mate values Z) and vo are computed from reflection times recorded in two 
distances, and how the formulas 
derived above may be used to 
compute the corrected values of 
depth and average velocity from 
the least-square adjustment of an 
excessive number of observations. 
It may occur to the reader that if 
we were to use the least squares 
solution many of the variable errors 
previously mentioned might be 
disregarded on the basis of the law 
of probability. Unfortunately, 
this is not so, since they are 
practically all on one side of the 
probability curve (reducing the 
reflection time). Thus they have 
the nature and effects of constant 
errors, in that they will not be 
eliminated in the solution. 

To insure accuracy of computa- _1___Sea Level a eg i 
tion and to aid in retaining the Fie. 3—Data USED IN COMPUTATION OF 

: . DEPTH FROM REFLECTION RECORDS. 
correct number of significant fig- 


Datum Plane 
Ea =f [(Bs-Cs)+(Er-Cr}] 4 
_EstBr Ctr 

ve) v4 


win 


ures, it is suggested that in denoting distances the decimal point be 


moved so that the number representing thousands of feet shall be the 
first number to the right of the decimal point; i. e., a shot distance of 


of Le ji ; 


Atay 
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5020 ft. will be ate 0.502. Reflection aes are ie 
numerical order as shot distances. 


The proper application of least squares requires an excess of obs 
vation equations. That is, we have just two unknowns but our soluti 
is more nearly correct if we use a comparatively large number of 
. reflection records obtained at one location. Our method, using ~ 

three seismometers, was to make four shots while varying the EY 


Taste 1.—Computation Form for Reflections 
Va. = 8460 ft. per sec.—! 


Record Number 


> SSS SS ee 
Ai | Aa | Hs 
: Symbols and Their Meanings 


Seismometer Number 


1 | 2 | 3 | 1 | 2 | 3 | 1 | 2 | 3 
7 
@; BHOt distance’ <i... 0 cecee ees v= 1730 | 1780 | 1840 | 1780 | 1860 | 1790 | 1640 | 1720 | 1640 
C., thickness of correction zone at 
BhOt PObe ae ate eats acc leis erase als 58 53 58 
C,, thickness of correction zone at 
receiving point...........++.+: 87 100 74 
SSishot: Gepthi cece. cusses etactose 20 ‘ 22 19 
R, receiver depth.............00+ 1 1 1 P 
Tc, travel time of impulse in cor- f 
TEOHOD ZONGs. + Kaew <-seree Newn & 0.049 0.043 0.041 ‘ 
Es, elevation of shot point above : 
goa Lovelace tanteeee ee 4734 4702 4651 . 
E,, elevation of receiving point 
above sea level........-.00000: 4781 | 4781 | 4781 | 4718 | 4719 | 4719 | 4696 | 4697 | 4696 
(EZ, — C.), elevation of average : : 
velocity layer at shot point..... 4676 | 4676 | 4676 | 4649 | 4649 | 4649 | 4593 | 4593 | 4593 
(Er — Cr), elevation of average ; 
velocity layer at receiving point.| 4694 | 4694 | 4694 | 4618 | 4619 | 4619 | 4621 | 4621 | 4621 
Ez, datum elevation; equals 
Se + ee 4685 | 4685 | 4685 | 4634 | 4634 | 4634 | 4607 | 4607 | 4607 $ 
T,, total reflection time.......... 0.921) 0.920} 0.922] 0.870} 0.872) 0.870] 0.841] 0.843] 0.841 
Ta, reflection time below datum; 
equale TL 9" Vowcdsaaiwaists sisters 0.872) 0.871) 0.873) 0.827) 0.829} 0.827] 0.800} 0.802] 0.800 
Vaie — ico ccee pen eee 51.43 [51.12 [51.15 |45.78 |45.72 |45.75 |43.11 |43.07 143.11 
Zc, depth to reflecting horizon be- 
Low Ga Gani faeces sien Grane eate 3585 | 3575 | 3576 | 3383 | 3381 | 3382 | 3283 | 3280 | 3283 
En, elevation of reflecting horizon 
above sea level.........0000055 1100 | 1110 | 1109 | 1251 | 1253 | 1252 | 1324 | 1397 | 1324 


shot distance within wide limits. Thus, we obtain 12 observation equa- 
tions, which under ordinary conditions should give excellent resultsin least 
squares computation. At thesame time, we usually accomplish a determi- 
nation of the most favorable shot distance for the desired reflected impulse. 


= ee | ee ee, 
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In this manner, we determined the average velocity in the area under 


; survey as v, = 8460 ft. per sec... With this velocity, depths are com- 
puted from records obtained in this area. We have selected three records 


that will demonstrate the method of calculation. Photostats of these 
records, as obtained with the Colorado School of Mines outfit, are shown 
in Fig. 2 on a reduced scale. 

The calculations of these records are given in Table 1, and the quanti- 
ties used are represented further in Fig. 3. 

In Table 1, note the excellent agreement of depth values obtained by 
three receivers, which is particularly good in points H, and H; and is 
undoubtedly due to the good quality of the reflection records. The results 
obtained at H,, H2 and H; show that a dip of the formations is present 
in the direction from H, to H3. These are, of course, examples only 
and not the only depth determinations made on the structure. — 


CoNCLUSION 


A more recent field practice utilizes the so-called ‘‘ vertical shooting”’ 
method. That is, the seismometers are placed comparatively close to 
the shot point (within 200 to 600 ft.). This method has many advantages, 
some of which are: practically all of the preliminary impulses have com- 
pletely passed before the reflected impulses arrive; in areas where the 
surface zones are not complex, the first impulses of the reflection records 
may be used to compute the low-velocity layers; interpretation may be 
considerably simplified since there is such a slight difference between the 
curved- and straight-path times. The success of this method in numer- 
ous areas is almost phenomenal, particularly in consideration of the 
fact that the shot distances are so much less than critical that it would 
not be expected that much of the energy would be reflected. The theory 
of “layer oscillation” advanced some time ago is recalled because it 
offers a plausible explanation of the large vertical energies. 

In the usual field organization, the observer is in charge of the field 
work, while the party chief is responsible for the interpretation of the 
results. Such being the case and assuming an efficient instrumental 
set-up, the success of the field party depends to a great extent upon the 
ingenuity and resourcefulness of the observer, since the field technique 
will vary with the geology, topography and locality. 

For interpretation, we are dependent upon the skill and knowledge of 
the party chief, whose ability to distinguish and correlate reflections, 
coupled with the virtue of consistency in marking phases, must be 
fortified by a sound knowledge of geological principles. Also, it is 
believed that while an observer should be an excellent instrument tech- 
nician, he should have also the basic geologic knowledge necessary to 
the proper placing of shots, profile directions, etc. ; furthermore, he should 
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be cognizant particularly of the many geologic spe affecting the 
desired reflected impulses. 

Up to the present time, more stress has been applied to ie phetaat > 
side of reflection seismology mainly because most of the work has been 
carried out in areas of which the geology was fairly well known, and in 
which check wells have been available. Also, in many cases, the region 
had been ‘surveyed previously by the refraction method, so that the 
seismic properties of the subsurface were known. 

As we reduce our instrumental errors down to the personal tants 
more time can and should be spent upon field experimentation than 
upon laboratory research. 

We reiterate the necessity of sustained research on the several prob- 
lems in the foregoing and on others probably equally as important. 
Many of these problems have apparently been considered as secret. If 
the seismic reflection method is to have continued success, many basic 
relationships must be discussed in constructive and informative detail. 


- DISCUSSION 
(Paul Weaver presiding) 


I. Roman,* Houghton, Mich. (written discussion)—For recording the time of 
explosion, it has been found necessary to use two wires from the charge to the recorder 
in refraction surveying at the Michigan College in Mining and Technology. Because 
of the short time intervals involved in determining the depths to shallow ledges of 
rock, the repeated grounding of a single wire during the shattering of the earth have 
frequently prevented the identification of the first refracted impulse. A double lead 
has caused false records on some occasions, but the probability that two thin wires 
will swing together or short across the same lump of earth is much more remote than 
is the probability that a single wire will make contact with the main body of the earth 
either directly or by way of contiguous lumps of earth. Even when the wire has 
been blown completely out of. the hole, a single wire has caused multiple contacts. 
Since the experience of the Colorado School of Mines was not known at the time, it 
is both interesting and important that the remedy was identical at both institutions. 
While a. separate recorder would remove the need of a double wire timing circuit, 
the extra equipment would introduce objections more serious than the use of a 
double wire. 

With regard to firing from the recording truck, experience indicates that such a 
technique is not desirable. Some of the chiconontl are: 

1. The truck observer is often located so that the firing terse is invisible to him. 

2. The truck observer has too many other operations to keep in mind. 

3. The man who fires the charge should be the one nearest the charge and he should 
have no other duties during the period in which the firing circuit is connected. 

4, By firing near the charge, less wire is needed, thus reducing the chances of a 
misfire due to broken wires or poor connections. 

5. The firing lines should be entirely distinct from all other current lines, to 
prevent accidental discharge by shorting or incorrect connections. 


* Assistant Professor of Mathematics and Physics, Michigan College of Mining 
and Technology. 
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6. The firing circuit should be left completely disconnected until everything else 
is ready for the shot and should be connected by the man who is to do the firing. 


- This man should have a clear view not only of the charge position but of the entire 


danger zone. Even on short shots, this precaution is desirable. Whether a blasting 
magneto or a dry cell is used, both wires to the charge should be disconnected and 
shorted with each other except while the charge is to be fired. Battery clips have 
proved convenient for this purpose. In this arrangement, accidental firing is impossi- 
ble except during the short interval when the observer is waiting for the firing signal. 

The fact that the weathering zone does not correspond to a geological layering is 
no objection to its use. The thickness and speed of such a layer may correspond to a 
uniform equivalent layer, while the actual formation may be very complex and may 
have speeds varying from point to point. Since the concept of weathering zone is a 
fiction to permit a correction to discordant observations, it is not necessary that it 
have any physical or geological reality. If the data were sufficiently accurate, it 
might be possible to select a law of speed variation that would make the geological 
layers lead to the observations, but it is doubtful whether there would be any gain 
from this formulation, at least for identifying deep structures. 

As the author indicates, a system of applying the method of least squares to 


reflection data has been published in detail. Because of failure to understand the 


basis of the method, many engineers prefer individual, intuitive schemes for deciding 


the “best” value to accept from observed data. While the method does not pretend 


to determine a “true” value for the measured quantity, it does, on the basis of 
probability, lead to the best value that can be deduced from the measurements made, 
independent of the reliability of the data. The data are assumed to be impartially 
obtained, and free of all systematic and personal errors,.in which case the value 
deduced will be reasonably close to the correct one. If this assumption is not valid, 
no method of interpretation is valid. In particular, if the reflection times are unreli- 
able, as Rutherford contends," the results cannot be reliable, whether obtained by 
the method of least squares or by any other method. 

If the points of reflection are approximately on a plane surface, the method of 
least squares should give good results. The best speed may not correspond with the 
speed of any geological formation, since it averages numerous irregularities. It is 
not necessary that the speed be identified with the geology. The path need not even 
be rectilinear. The method replaces the actual path by an equivalent rectilinear 
path in a homogeneous medium. If the actual path is symmetrical with reference to 
the normal to the surface of reflection, the results will be correct as to depth, and that 
is all that we are seeking. The speed is simply an intermediate value. 

The usual triangle law for reflections assumes horizontal layering, an assumption 
often overlooked. There is no way to justify this assumption except by the results 
or by knowing from the geology that the dip of the reflecting layer is small. The 
other objection raised by Heiland and Pugh is theoretically justified, but for practical 
purposes the method mentioned by Rutherford is satisfactory. The difference in 
the interpreted depths is not large, usually. As a specific example, consider the data 
given in example 6 of the paper to which the author has referred. If we use the 
method mentioned by Rutherford, the depth is calculated as 2010 ft., while if 
the correct method is used, the depth is 2006 ft. There may be cases in which the 
discrepancy is larger. For office interpretation, the correct method should be used, 
but for field calculations the simplification is justified. 

Rutherford has made an error not mentioned by Mr. Pugh. He states that the 
coefficients in the normal equations are so large that the results are not reliable. 
I fail’ to see how this is possible, since the carrying of more significant figures 


11 See page 400. 


/ imp: 
parte ‘Gomes is pics oa ‘caivarvia or cout Ghana but. this at 
invalidate the method. A better method was known to Rutherford as e 
but he failed to note it in his paper or to recall it in his calculations, apparen 
this method, the observations are reduced to certain average values, thus rec : 
the duenieiontshi in the normal equation so that fewer significant figures need be carried cle 
in the calculations. Details of this method are being published elsewhere.1? _ on 

The simplified method referred to by Rutherford also has another advantage. If 
- the square of the distance from shot to receiver be plotted as ordinate against the 
square of the observed reflection time as abscissa, the graph will be a straight line, 
if the speed is approximately constant. The straightness of the graph is a criterion 
of the validity of the assumption. The least square method as used determines the 
best line to draw, not the best speed or depth. However, the two methods lead to 
values of the depth in as close agreement as two independent trials of taping the 
depth in a drill hole. The advantage referred to above is the following: If reflection 
profiles obtained at neighboring shot points are plotted as just described, each will 
have a line as a graph. If these lines are reasonably straight and parallel, we may 
assume that the only change in structure has been in the depth to the marker. If D 
is the vertical distance between the two graph lines and h is the approximate depth, 
the change in the depth between the two points of reflection is D/8h. The percentile 
error in D/8h is of the same order as that in D or in h, but the actual magnitude of the 
change is relatively small and hence the error in the change of depthissmall. Thus, 
it is possible to outline a structure as to shape quite accurately without knowing the 
actual depth. Specifically, the change in depth may be found to within a few feet 
when the actual depth is known to within several hundred feet. If the graphs are 
parallel, but not straight, the same formula will give some indication of the change in 
depth, but the formulas have not been derived for the general case. 


12 See pages 522-524, this volume. 
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Seismic Refraction Methods as Applied to Shallow 
Overburdens 


By F. L. Partio* anp Jerry H. Smrvicn,* Houexton, Micu. 


(New York Meeting, February, 1934) 


Tue following investigation was undertaken to develop a method for 
determining with reasonable accuracy the depth of overburdens of 
100 ft. or less. Seismic methods seemed to offer good possibilities. The 
problem differed from that of the familiar salt-dome location in that the 
depth of overburden to be determined is much less than is encountered 
in oil prospecting. This means that a much shorter time interval must 
be measured with accuracy. Refraction methods seem at present to 
offer greater possibilities than reflection. The air sound persists for 
from 0.1 to 0.5 sec., because of echoes, and seismic reflections coming 
during this time are difficult to detect. A seismometer sensitive to 
vertical vibrations only offers possibilities and has been used here with 
some success. It is hoped that the application of this type of seismometer 
to reflection shooting in this region may be investigated still further. 

The apparatus used consisted of a carbon-button seismometer fol- 
lowed by a three-stage, transformer-coupled, vacuum-tube amplifier and 
a General Radio string oscillograph. Time marks are provided by a 
1000-cycle, 600-r.p.m., synchronous motor provided with five spokes 
which intercept the light to the camera at 19 sec. intervals. This 
motor is driven by a two-stage vacuum-tube amplifier of 3 watt output, 
actuated by a tuning fork. The power supply for the seismometer 
amplifier is one 2-volt storage and one 45-volt B battery. The motor 
amplifier is powered by a 6-volt storage battery and 6 to 225-volt, 15-watt 
motor generator. The temperature-frequency characteristics of the 
tuning fork have been determined and for ordinary working temperatures 
the error in time that would be introduced is less than 14 millisecond for 
time intervals up to 100 milliseconds. : 

The impact is produced by a sledge blow for surface distances less 
than 100 ft. and dynamite for greater distances. Two steel balls with 
wires attached form an electric circuit through a I-ft. piece of railroad 
rail upon which they rest. When the rail is struck by the sledge the 
balls rebound, opening the circuit and indicating the time of impact 
by a break in the oscillograph record line as at A, Fig.3. When dynamite 
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is used a piece of enameled wire is wrapped around the blasting cap. 
The exploding cap breaks this wire and the opening circuit indicates in 
the same way as with the sledge. Fig. 3 is a record of a dynamite impact 
at a distance of 100 feet. 


Fia. 1. Fig. 2. 
Fia. 1.—EQUIPMENT, SHOWING AMPLIFIERS AND OSCILLOGRAPH WITH CAMERA. IN 
PLACE. 
Fia. 2.—EQUIPMENT ON TRUCK. CAMERA REMOVED AND FOCUSING AND VIEWING 
SCREEN IN PLACE. 

In the analysis of records the times of the impact and of the onset of 
the first arrival, A and B Fig. 3, are measured from an arbitrary zero 
time. Their differences give times of travel, which are plotted against 
their corresponding distances to locate tentative travel-time lines. 
Records are then examined for interferences, as at C, Fig. 3, which would 


Fig. 3.—SAMPLE OF SEISMIC RECORD. Impact AT A AND ONSETS AT B AND C. Norte 
AIR SOUND ARRIVING AT 0.158 sECONDs. 


give additional points on or near the tentative travel-time lines. The 
lines are then redrawn and the apparent velocities determined. The 
calculations are made as outlined in the following theory and in Tables 1 
and 2, which are abridgments of the calculation table. 
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It frequently happens that the travel-time line of the surface medium 


intercepts the time axis above the origin. This is always a small amount, 


6 or 8 ms., and in the calculations the origin has been taken at this inter- 


~ gection. The effect would be that of neglecting a possible thin surface 


layer of slow-velocity material which, if included, would add slightly to 
the observed depth. 


THEORY 


Suppose that the receiver is located at the surface, which is assumed 
plane, and that beneath the plane of the surface are one or more planes, 
which are the contacts between homogeneous, isotropic media. (See 
Fig. 4.) The receiver is at & and shots are fired successively at various 
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Fig. 4. METHOD OF OBTAINING DEPTH TO PLANE OF CONTACT. 


points P’, P’’, ete., which lie upon a straight line through R, in the surface. 
The plane of the figure is the plane containing the receiver and line of 
shots, that is perpendicular to the plane of contact of the K and K + 1 
media, here the first and second media. CD is the trace of this plane of 
contact. If the plane of the figure is not vertical, depth to plane of 
contact D must be divided by cos Y (where Y is the angle between plane 
of the figure and the vertical) to obtain vertical depth to plane of contact 
at the receiver. 

If several shots are fired successively at a series of distances compara- 
tively small, waves arriving first at R will travel entirely in the upper 
layer and the travel time-distance curve will be a straight line such as 
1, Fig. 5. As the distance is increased beyond a critical value, the first 
arrivals will travel by path 2, which passes into the second layer; the 
travel-time curve for these waves will be a straight line such as 2, Fig. 5. 
As the distance is still further increased beyond a second critical value, 
the first arrivals will travel the path 3, which passes into the third layer; 
the travel time for these waves will be another straight line, such as 3. 


iD Pt inn 


the layer. The full-line portions of the travel-time curves 
times of first arriving waves. The dotted portions correspond 
that arrive later. For example, Fig. 5 shows that for distance 
first arrivals were by path 2, then came waves by path 3, and 
came the waves by path 1. 


Travel Time of Waves 


Distance, Shot Point To Receiver 
Fia. 5.—TRAVEL-TIME DISTANCE CURVE AS A STRAIGHT LINE. 


The equation of line 1, Fig. 5, is 


where V; is the speed in the first layer. V1 is thus the reciprocal of the 
slope of line 1, and is so obtained from the travel-time graph. 

The equation of line 2, Fig. 5, is derived by reference to Fig. 4. 61 
is the critical angle between the first and second layers, so that 


sin 6; = ee For “‘down ledge”’ shooting from P” to R, 
2 


ie (2D, — x'’ tan a1) cos a; cos 6; rs x’’ cos a; sin 6; 
e , GREE Ges 


VY, 
hs yr = 08 m1 sin 0; — sin a; cos 6; pre 2D; cos a; cos 6; ° 
Vi Vi = 
sin (0; — ay) 2D, cos a1 COs 6; ; 
or = og!” 
Vi m Vi 2] 


Similarly, for shooting ‘‘up ledge” from P’ to R, 


in (6 2D 
j= Sin ( tt a1) apogee ose cos 6; [3] 


Both of these equations are of the form y = ma + b, and we can 
readily obtain a1, also 6, and thence Ve, from the slopes of the travel- 


time curves 2, down ledge and up ledge, respectively. Calling these 
slopes m’’, and m’s, respectively, we have 


Oe Te bree Sone Oxi > sare gin. Vim’ 
T 6; + a1 = arc sin Vim's 


fe _ are sin Vim, + are sin Vim''s 6) 
=. . po : ”" 
J ; ee are sin Vim’, — arc sin Vim''s [7] 
eee . 
Vs te sin 01 [8] 


—-*V;,, 6; and a1 being thus known, D; might be found from the ¢ intercepts 
Zz of the travel-time curves 2, which are seen from equations 2 and 3 to be 
2D; cos a1 Cos 41 
~emualito baa 
iB. Vi 
- From other considerations, however, it seems preferable to find D: 
by means of the coordinates of the points on the travel-time curves 2 that 
correspond to total reflection from CD; that is, to travel along path 2, 
arriving at and leaving the second layer at angle 6, with the normal 
but with zero travel in the second layer. Let us call the coordinates of 
these points on the travel-time graph, for down ledge and up ledge, 
respectively, (X peer) oud (A143) 
: Referring directly to Fig. 4, since there is no travel in the second layer, 
_ we have for the down-ledge case 


Tas TT 


5 Wied (2D, — Xi" tan a1) cos a1 
ee a Vi cos 0; [9] 
i and for the up-ledge case 
- (2D, + Xi’ tan a1) cos a1 
- me en te ee ee 
Pi Vi cos 0, [10] 
a Since (X1", T1'’) lies upon the down-ledge curve 2, X1"’ and T,’’ must 


satisfy equation 2, whence 


2D; COs ai sin a1 Re eeeiL Lote a1) xy 2D, cos a1 cos 41 
Vicos Vicos 6; zi Vi Mer 1 
[sin (@1 — a1) cos 1 + sin @1)X1” = 2D, cos aa(l — cos? 61) 
E ree 2D, cos a; sin 61 [11] 


cos (61 — a1) 


- Substituting in eq. 9 gives: 


2D; cos? a1 

Oi ees eee 12 

qT Vi cos, (01 = a1) I 
xX 3 4 Vi sin 64 [13]? 


C0t @1 aint = 
: Ral COS a1 


1See Fig. 5. 
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In like manner, we find 


_ 2Dicosarsin@: 
5 0K Gach avian coir 


TT! 2D, cos? a1 
als cos (0; + a1) 
i cot wi! = ga ies as before. 
COS a 
J 
‘ Fromeg.11, 2D, cos ai sin 0; = X71” cos (01 — a) 
; From eq. 14, 2D, cos ai sin 6; = X1’ cos (61 + a1) 


Thus X1” cos (6: — a1) and Xi’ cos (61 + a1), except for experimental _ 
errors and errors in the assumptions, will be equal. Both these quan- — 
tities may be obtained from the travel-time graphs, Xi’ and X71’ directly 

(Fig. 5) and the cosines by means of eqs. 4 and 5 and the graphs. Calling ; 
the mean of Xj’ cos (@: + a1) and X71” cos (41 — a1), di, We have ‘ 


> oe 


2D, cos a; sin 0; = ay [16] 
From eq. 12, 2D, cos? a, = ViTy" cos (0: — a1) 
From eq. 15, 2D, cos? a1 = ViT1' cos (61 + a1) 


Proceeding as above, obtaining 71’’ cos (81 — a1) and 7’ cos (8: + a1) 
from the travel-time graphs, and calling the mean of these quantities bi, 


we have 
2D, cos? ay= Vib [17] 
Squaring eq. 16, dividing it by eq. 17 and solving for D,, we obtain 
Pee eee [18] 
; 2V 1bi sin? 6 


Our working equations are 4, 5, 6, 7, 8, 13, 18, which we now express 
in more general form. In the general case let the virtual receiver and 


shot positions be R and P. The general equations thus become —T ; 
Ox — ax = arc sin Vemayi” [4a] 
Ox ++ Qk = arc sin Vemxy1' [5a] 
0, = ore sin Vamx41' : are sin Vxmx41" [6a] 
in V Vey . ia 
og = ore sin Vamsi ; are sin Vemx41 [7a] 
— Ve 

Vir4i , gin Ox [8a] 

Vr sin Ox 

tunes = 
cot wx ae | [13a] 

a 2 
Dr =o [18a] 


2V xb sin? Ox 


in which ax and bx are as explained preceding eqs. 16 and 17. 


en a ee 


ee a a Pe Pe eee eC eee ae 


‘ 
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If the lower bounding plane of the K medium is parallel to the upper 


bounding plane of the K medium, so that ax equals zero, as shown by 
the fact that mx41' = mx+1" on the travel-time graphs, these equations 


assume much simpler forms as follows: 


1 
oS eae a [80] 
cot wx = Vx sin 0x, where sin 0x = V«mx+1 
2 
so that cot wx = a « [1b] 
K+1 
De = VV el era [18b] 


Since the actual velocity in the K + 1 medium is the reciprocal of 


mx41 When ax equals zero, it is convenient to call the reciprocals of 


mxi1 and mx+1" the apparent velocities Vwi’ and Vx41" up and down 
ledge, respectively. Then 6x’ and 6x’ are the corresponding apparent 
critical angles, and 


: V : V 
sin 0x’ = ae and sin 0,’ = Tua” 
whence eqs. 4a, 5a, 6a and 7a may be written 
Ox — ox = Ox” [4b] 
6x + ax = Ox’ [5b] 
/ 4 
6x = aS [6b] 
ee ” 


It has been shown how two media can be investigated by refraction 
shooting on both sides of a fixed receiver position, the shots being fired 
along a straight line through the receiver. The theory applies to the 
cases where the media are approximately homogeneous and are bounded 
by surfaces approximately plane. From the travel-time curves can 
be obtained: 

1. The speeds of the compressional waves in the two media, that in 
the second medium giving some information as to the nature of 
that medium. 

2. The angle (in the plane through the shot line perpendicular to the 
lower bounding surface of the upper medium) between the upper and 
lower bounding surfaces of the first medium ; and what is more important, 

3. The vertical distance from receiver to lower bounding surface of 
first medium. 

If there is a third medium, we can conceive our actual receiver and 
shot positions to be replaced by virtual receiver and shot positions as 


us SL Sars | 
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Se. 


equations already derived to carry our investigations one layer farther. 


| las aida 
indicated in Fig. 6, where Rx’, Px’ and Rx’, Px’’ are the v 

and shot positions, respectively, for up-ledge and down-ledge | 
respectively, for investigation of the K and K + 1 media. The fig e 
is drawn on the assumption that the bounding surfaces of the K =e be 
medium are approximately parallel. By reducing the shot to receiver 


ill / 
Poy (PK R : Prt 


Fie. 6.—AcTUAL AND VIRTUAL RECEIVER AND SHOT POSITIONS WITH THREE MEDIA. 


distance by Dg_i(tan ¢x—1’ + tan ¢x—1”’) and the travel time of the wave 


over K + 1 path by TE=(s0e oxi’ + see dx-1” ), that is by shifting to a a 
K-1 Se A 


new origin (Ax-1, Br_i) on the time-travel graph, we can use all the 


A and B are given by the equations: 
Ax = Dg(tan ¢x’ + tan ¢x’’) [19] 
Bry = Ti (see ox’ + sec ox’’) [20] 


For example, it has already been shown how, by using curves 1 and 2, 
media 1 and 2 can be investigated by means of eqs. 4, 5, 6, 7, 8, 18 and 
18. Ifa third layer is now to be investigated, we have only to usecurves2 
and 3 instead of 1 and 2, shifting to a new origin (A, B) which lies on 
curve 2 as the original origin did on curve 1, and use the same equations 
with every subscript increased by one. Since the receiver and shot 
positions already used were the original ones at the top of the first 
medium K — 1 was 1. Hence K will be 2 and should be so used in 
eqs. 19 and 20 for finding the coordinates of the new origin. 

Since (A, B), the new origin, lies on curve 2, it will be found most 
conveniently on the travel-time graph by laying off the angle 7; as shown 
in Fig. 5, where 


+ 


A 
cot y1 = — 
iL. 


Substituting the values of A and B and solving, we have 


_ Vx sin (¢x’ + ox’’) 
cot YVRG= cos oe + cos on” [21] 
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% a 


a) and gx’ are given by the equations 


ee : sin ox’ Ay sin ox” oe Ver [22] 
sin 6x41" sin Ox+1 Vr41 : 

sin 8x41’ and sin 6x41” are given by eqs. 4b and 5b. This will give: 
a sin ox’ = sin Ox sin 0x41” [23] 
ij sin ox! = sin Ox sin 6x41 [24] 


In case ax = 0, eq. 21 reduces to 


Vx sin 26x 

2 cos ox 
‘ Vx sin Ox 
wg Vx? 


=F [25] 


cot yx = 


ai 


— If the lower surface makes an angle a: with the upper surface the 
transfer becomes somewhat less simple. In that case the distances 
must be reduced by D, tan ¢:’ + (Di+ @ tan a1) tan $71”; that is, by 
A, + 2 tan a; tan ¢1”, to a first approximation. To a first approxima- 


= tion, the travel times must be reduced by 7D sec oi) + (Di t+ 


— , IT 
tan a) sec $1], that is, by Bi + se sg oi 
to the new origin (A1, Bi), then rotating the ¢ axis through an angle 6: 

; clockwise and the x axis through an angle e; counterclockwise, all our 
s purposes are accomplished, 81 and e: being defined by the equations 26 


By transferring 


3 and 27. 

a tan 6, = tan a tan ¢1” [26] 

Mt 
eee ios van asec on [27] 

1 
or in general 

Br. tan Bx = tan ax tan $x” [26a] 

: vl 
a tan ex = tan ax BCC Ox oe x [27a] 


If the lower surface of the medium K does not make too large an 
i angle ax with the upper surface of that layer, a first-order correction may 
j also be made as follows. Assume media as indicated in Fig. 7. The 
ray that refracts critically into medium K + 2 travels through a greater 

depth of medium K and a lesser depth of medium K + 1 by the approxi- 

E: mate amount x sin ax. This will be seen to be in error by two small 

7 factors: (1) z is too large, and (2) if x were exactly right x sin ax would 
be too small. So the errors are opposite in direction, and both small, 
Then: the time of travel will be increased by the difference in times of 
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travel in the two media through the distance x sin ax. Calling 


time correction At, pe i mh 
: At = 2 Sine _ 2sin ox ot 
ae Ve Vx 
Vi oe Ver 5, , Y ae oe 
= ain [28] 
VeVxui ? ee 


Let this amount be subtracted from the times of each of the points on the 
line whose slope is mx4:’ and added to the times of the points on the 
mx 1” line. This together with the proper translation of the axes as 


* Approximately 
Asin ar 


Fia. 7.—FIRST-ORDER CORRECTION. 


heretofore considered, will, without sensible error, affect the removal of 
receiver and shots from Rx and Px to the virtual positions Rx and 
Pxi1. Instead of plotting new points, an equivalent result may be 
obtained by rotating the mx4+,: line about its intersection on the ¢ axis 
through an angle tan-! At/z. 


DerptTH or OVERBURDEN BY REFRACTION SHOOTING 


As pointed out and explained under Theory, if the surface is underlain 
by fairly homogeneous layers bounded by approximately plane faces, 
shots fired along a straight line through the receiver and extending in 
both directions from the receiver will enable the observer to compute: 
(1) the vertical distance below the receiver to each bounding surface; (2) 
the inclination of each bounding surface to the horizontal in the direction 
of the shot line; and (8) the velocity of the fastest waves in each medium. 
If a similar line of shots is fired making approximately a right angle with 
the first line, checks on vertical distances and velocities are obtained, 
and the inoEiiavion of each bounding surface to the yeti a in the 
other direction is determined. 

As.a test of the method,- four. locations were selected where the 
geology is rather well known. These four locations were investigated by 


_— 


io > 
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. refraction shooting on 2-3 day, on 2-4 and 2-5 days, on 2-6 day, and 


on 2-7 and 2-8 days, respectively. On the location invéstigated on 


2-4 and 2-5 days, two shot lines at right angles as above discussed were 


used. On each of the other three locations only one shot line was used, 
the line extending in both directions from the receiver position on each 
location. A travel-time graph was drawn for each shot line, by plotting 
travel times, as taken from the string oscillograph records, against 
distances from shot point to receiver. Fig. 8, for example, shows the 
travel-time graph for the location investigated on 2-7 and 2-8 days. 


ae wn Mere) 
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Fig. 8.—TRAVEL-TIME GRAPH FOR LOCATION INVESTIGATED ON 2-7 AND 2-8 DAYS. 


The travel-time graph obtained from the location investigated on 
2-3 day was analyzed by four different methods of computation. Tables 
1 and 2 give in outline the computations for the first three of these 
methods, designating the three computations in the day columns as 
9-3 I, 2-3 II, and 2-3 III. The receiver position was very close to a 
diamond-drill hole, so that the correct depth to ledge is known as given 
under Record. Method 2-3 I assumes horizontal interfaces, and treats 
the shot lines on the two sides of receiver position as separate lines to be 
computed separately by eqs. 4b, 5b, 6b, 7b, 8a, 18a, 18a and 25. These 
two separate lines yield values of depth to ledge which differ from each 
other by 6 per cent, while their average differs from the drill-hole value 


by only 3 per cent. 
The second method, 2 
faces of the second layer to be ine 


-3 II Table 1, assumed both upper and lower 
lined to the horizontal, and applied the 
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TaBiLE 2.—Computations of Travel-time Graphs 


Day | K | Ve | Cotwx | Xx Tk Ax | Br | Cot yx Dr Record 

eee ee er 
| . 5 12 38.5 0 0.081 24.3 

74.3 | D.D.H. 


25-35¢ . |——|=— |= oo oe ee SS 
ay Depth = 98.6 93’ 
1 | 1.24] 0.203 | 10 | 51. 0.061 | 31.6 
Se A ec a 61.3 
we cane | Depth = 92.9 
a Ave. = 95.7 
Bh 30° 5 | 01670 80.7 
Ces RE) | aes he hd ce ee Tone R Re 
es Depth = 114.1 
2-6 Is arr 0.270 26.9 
PC el Depth = 96.7 
Ave. = 105.4 


- a Treated as two separate determinations of two horizontal interfaces. 


theory covered by Fig. 7 and theory following eq. 27a. The depth to 
ledge thus computed differed from the drill-hole value by only 2 per cent. 

The computation labeled 2-3 III in Table 1 involved the same assump- 
tions as to inclined interfaces as 2-3 II, but used the method of cal- 
culation involving rotation of both new axes as explained in theory 
following eq. 25. The rotation required for the new time axis was found 
to be negligible. The depth to ledge so obtained is seen to have a 
discrepancy of 5 per cent from the drill-hole value. 

Finally for this location the depth to ledge was computed by means 
of the intercepts on the time axis by means of the relation :? 


2D x COS ax COS Ox 


Intercept on K + 1 curve = 
K 


Solving for Dx, we obtain: 
_ Interceptx41° Vr 
Dx = “9 cos ax C08 Ox [29] 


The “intercept” was taken as the average of the two intercepts on the 
up and down-ledge halves of the travel-time graph. The result is 
tabulated in Table 3, being designated there as 2-3 IV, and is seen to be 
at variance with the drill-hole value by 6 per cent. The average of the 
apparent velocities V;' and V3" for this location is 22.5 kilofeet per 
second. Calculations 2-3 II and 2-3 III give 22.4 and 22.1, respectively. 
Thus we can state safely that the velocity in the third layer lies between 
22.1 and 22.5 and probably is near 22.3 kilofeet per second. 


2 See theory following eq. 8. 
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method of 2-3 II aeterinthies a» relative 16 the arb oe whereas 2-3 III 

gives a2 relative to the next interface above. Hence in 2-3 III the © 
i inclination of the ledge relative to the surface will be a2 minus a1 (they : 
are in opposite directions), or 6° 32’, which differs from az of 2-3 IL by 
only 2 per cent, which is well within what may reasonably be expected. 


Taste 3.—Summary of Results 


Dey Calculation Method Depth b- |, Denth, | Emer, 
2-3 I Horizontal interfaces 95.7 + 3 
2-3 II | Travel-time line rotation 95.0 +92 ‘ 
2-3 III | Axis rotation 98.0 + 5 
2-3 IV | ¢ intercept 98.2 93 + 6 
2-4, 51 | Inclined ledge 66.5 +15 
2-5 I Inclined ledge 56.4 — 3 
: Ave. 61.4 58 +6 
2-4, 5 II | ¢ intercept 68.2 +18 > 
2-5 II t intercept 44.7 —24 
j F 
Ave. 56.5 58 — 3 oq 
2-61 | Horizontal interfaces 105.4 160 a | 
2-6 II Inclined ledge 102.6 
2-6 III | ¢ intercept 100.1 
2-7, 81 | Inclined interfaces 97.2 — 1, . 
2-7, 8 II | t intercept 96.5 98 —2 


2 See discussion of results. 


The 2-6 day results were analyzed by three methods. In the first 
(2-6 I, Table 2) horizontal interfaces were assumed and the two halves 
of the travel-time graph computed separately; in the second method 
(2-6 II, Table 1) the upper and lower surfaces of the second layer were 
assumed horizontal and inclined, respectively, and the travel-time graph 
computed as a unit. The first two methods gave depth of overburden 
as 105.4 and 102.6 ft., respectively, thus differing from each other by 
some 214 per cent. In the third method the depth of overburden was 
at ae ee by the time intercept method, eq. 29, and was found to be 
100.1 ft. (2-6 ITI, Table 3). It may be stated that this location was 
chosen as one of the few where there are drill holes over the sandstone. 
The shot line was known to be near the Keweenaw fault but was sup- 
posed to be definitely over the sandstone. When the travel-time graphs 
were drawn, however, it was at first suspected that one end of the line 
was over the sandstone and the other over the trap. Calculation 2-6 I 
was made because of this belief. Another possibility is the same ledge 
material all along the line but with a sloping ledge surface. Calculation 


ss 


- 9-6 II was made upon this basis. The ledge velocity, 11.10 kilofeet per 


second, obtained in 2-6 II, is reasonable for sandstone, but the depth of 


. overburden does not check with the diamond-drill hole value, which is 
163 ft. However, when a shaft was sunk near by several years ago a 
layer of hardpan was encountered at about 100 ft., which was at first . 


mistaken for ledge. It is the belief of the authors that it is this layer of 
hardpan that gives us a depth here of about 104 feet. 


Receiver was at P, C,B,L, etc.,successively. 


With Receiver at P, Shots were-fired along P P, etc. 
Bearing of Line PG, S30 ~29.5'E 


P BL=ILM= MN 125 » 


ee a ee ee ae 


Fia. 9.—DETAILS OF SURVEY IN AREA CROSSED BY CONCEALED MAJOR FAULT BETWEEN 
SANDSTONE AND TRAP. 

The travel-time graph for the work on 2-7 and 2-8 days is repro- 
dueed in Fig. 8. The data were computed by two methods. In the 
hod, which is outlined in Table 1, the assumption is that the 
of the second layer were horizontal and inclined, 
d method involved the use of time intercepts and 
Table 3, gave a depth of overburden of 96.5 ft. 
d it was discovered that the drill-hole 
116 ft. from a level 12 ft. above the 


first met 
upper and lower surfaces 
respectively. The secon 
eq. 29, and, as shown in 
Just as this paper was to be submitte 
value for depth of overburden was 
receiver position. 

The two travel-time grap 
2-5 days, besides having depth of over 


hs for the location investigated on 2-4 and 
burden calculated by eq. 29 with 


es ee em 


the results given on Table 3, 2-4, 5 iy bd 2-5 IL, were ca. 
outlined in Table 1, the assumptions being made that the se ties 
surfaces of the eb oditl layer were horizontal and inclined , Tespectiv a 
The two values of depth of overburden in Table 1 are seen re agree withir 0 
15 per cent, while their average agrees with the drill-hole value within6 per _ 
cent. The average of the two values by the intercept method,.Table ay 
agrees within 3 per cent with the drill-hole value; the two values them- 
selves, however, are badly discordant. 


nN 
So 


Velocity, kilo-feet per second 
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Horizontal Distance 


MedumA 
Vertical Section 


Fig. 10.—VELOcCITY IN LEDGE WITH GEOLOGICAL VERTICAL SECTION INTERPRETED 
THEREFROM. 
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FauutT LocaTIonN BY REFRACTION SHOOTING 


In an area known to be crossed by a concealed major fault between 
sandstone and trap, a line PG (Fig. 9) was selected and surveyed by an 
azimuth and stadia survey, taking departure and initial azimuth from a 
quarter section post and a section line, respectively. Fig. 9 shows the 
details of the survey. 

The receiver (carbon-button microphone buried 1 ft. below surface) 
positions were successively at P, C, B, . . . Gon line PG; the shot lines, 
usually 200 ft. long, are shown in Fig. 9. For brevity these shot lines will 
be designated by their respective receiver positions, as P line, C line, etc. 

Table 4 gives the data obtained from the field work. The travel 
times were plotted against corresponding distances for each shot line; 
from the relations of the points so plotted each travel time was classified 
as representing a surface wave through the overburden, or a refracted 
wave through the second layer. 

V; and Ve are in kilofeet per second. When the value of V, is 
enclosed in parentheses it was estimated from the values measured on 


fe =. =e 
U 
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ss Taste 4.—Data Obtained in Field on Location of Fault 
ee (See Fig. 9) 


ss : : 


B Line ; M Line 


Distance, Time, 


Distance, Time, A 
Fte Sec.b Disturbance? Ft. Secs | Disturbances 
—————— Vi 6.45 SS Vo 
10 0.008 Sledge — 10 Sledge : 
20 0.0123 Sledge 20 0.006 Sledge 
——_—_—_—_|——_—__| /231.3 _——_|——_———_| V2 14.3 
30 0.0140 Sledge 30 0.008 Sledge 
45 0.0157 Sledge 45 0.012 Sledge 
—_—____|____—_——__} D 12 ood D 3 
60 0.0183 Sledge 60 0.0135 Sledge 
75 ; 75 Sledge 
100 0.0173¢ | 14 stick dyn. 100 0.010¢ 1g stick dyn. 
150 0.0193¢ | 4% stick dyn. 145 0.0135¢ | % stick dyn. 
200 0.0203¢ | 1 stick dyn. 200 0,017¢ 1 stick dyn. 
peeeeieeaevin errs ee —eeeee———e—Ee———ee 
H Line K Line 
10 0.0057 Sledge Vi 2.73 10 Sledge Vi 5.70 
20 0.0117 Sledge 20 0.004 Sledge 
| V2 8.80 —————_ V2 9.60 
30 0.0153 Sledge 30 0.009 Sledge 
45 0.0217 Sledge 45 0.0117 Sledge 
eS Rte n= aoe, 4 D3 $$$ |—_————. D 3 
60 Sledge 60 0.0133 Sledge 
75 0.0323 Sledge 75 Sledge 
100 0.0113¢ | 44 stick dyn. 100 0,0080¢ | 14 stick dyn, 
150 0,0160¢ | 4 stick dyn. 150 0.0157¢ | 34 stick dyn. 
200 0.0233¢ | 1 stick dyn. 200 0.0220¢ | 1 stick dyn, 


2 From point of disturbance to receiver along shot line, 

>’ Travel time of first arriving elastic wave from shot point to receiver, 

¢ Travel time definitely classified as belonging to refracted waves. 

4 Disturbances marked “Sledge” were set up by setting a piece of railroad rail 1 ft. long on the 
ground and striking it a heavy blow with a sledge; those marked “‘}4 stick dyn.” were set up by one-half 
of a 14-lb. stick of dynamite lowered into a 2-in. hole driven 2 ft. into the soil, well tamped with clay 
and fired electrically. 


neighboring shot lines; when not so enclosed in parentheses, the value of 
V1 was measured on the line itself. 

As a first approximation the upper surface of the second layer was 
assumed parallel to the upper surface of the overburden. V2 for each 
shot line was, therefore, taken as the reciprocal of the slope of the second 
line on the travel-time graph for that shot line, and D was calculated by 
means of eqs. 13b and 18b, As a matter of fact, D came out practically 
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 " 'Tapue 4—(Continued) “a 

(See Fig. 9) = a 

Eline , | G Line 


Distance’ | Time, |...’ F Distance, | Time, es 
Fee Pho deat Peron one aie | Ftigho ro Beckie Hee meee 
| —___—_—__ Vi 4.20 - Vi 4.45 
10: 7 Sledge 10 Sledge 
20 0.0043 Sledge 20 0.0143 Sledge 
— Ve 9.95 Vz 6.90 
30 Sledge 30 0.0165 Sledge 
45 0.0097 Sledge D 3 45 0.020 Sledge Bes 
60 0.0150 Sledge 60 0.0213 Sledge 
75 0.0180 Sledge 75 0.0265 Sledge 
100 0.0107¢ | 14 stick dyn. 100 0.0180¢ | stick dyn. 
150 - | 0.0160¢ | 34 stick dyn. 150 0.0247¢ | 44 stick dyn. 
200 0.0207¢ | 1 stick dyn. 200 0.0303¢ | 1 stick dyn. 
f C Line (2-9 Day) 
L 
zeRs See Data from 2-12 day 
Vi (6.00) Vi (6.00) 
,95 0.0170¢ | 44 stick dyn. 100 0.0183¢ | 34 stick dyn. 
————_—_|————__] V2 13.20 —_———_—__|_————__| V2 13.60 
150 0.0225¢ | 4 stick dyn. 150 14% stick dyn. 
200 0.0255¢ | 1 stick dyn. D3 200 0.0253¢ | 1 stick dyn. D3 
D Line | J Line 
| | Vi (4.00) 
100 0.0090¢ | 3% stick dyn. 100 0.0117¢ | 46 stick dyn. 
|__| V2: 11.80 |__|] V2 11.50 
150 0.0160¢ |. 14 stick dyn. é 150 0.0187¢ | 44 stick dyn. 
200 0.0213¢ | 1stick dyn.| D3 200 0.0217 | 1 stick dyn.| D3 


zero for every shot line except line B. This is consistent with the fact 
of numerous outcrops in the northern part of the area, and with the fact 
‘that the rod used for driving the shot holes encountered altered sandstone 
on practically all receiver positions in the southern part of the area. 
Where the calculations gave D equal practically to zero, it is recorded as 
3 (feet), because the drive rod was driven down in the overburden from 
2 to 3 ft. along every shot line. Attention should be called to the fact 
that the purpose here was fault location, and not measurement of depth 
of overburden. 

The data of Table 4 are summarized graphically in Fig. 10. In the 
upper part of the figure, velocity in the second layer is plotted against 
distance of receiver from P along PG. The indications are: (1) that to 
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TasBLEe 4.—(Continued) 


(See Fig. 9) 
‘ F Line | L Line 
aie pin ‘Distérpance®™ Wasse) mee earl Disturbance 

100 | 0.019¢ | 34 stick dyn.| Vs 8.80 91 | 0.0050¢ | 3 stick dyn. | V2 15.90 

150 | 0.0240 | 34 stick dyn. 150 | 0.0070 | 36 stick dyn. | 

200 0.030¢ | 1stickdyn, | D 3 200. | 0701306 |+1 stick dyns:)|- D-8~ 
aN a ee 

W Line Se oe ee ae 

nn beng hacia alah pclae saith MELA RRO Tie SMES ch OES: 

75 0.008° | 34 stick dyn.| Ve 8.80 130. | 0.018¢ | 34 stick dyn. 

125 0.012¢ | % stick dyn. 170 0.022¢ | 1 stick dyn. 

175 0.0205¢ | 1 stick dyn. Ds : Posi - 7 


southward from line H (toward @) a fairly homogeneous medium A 
(probably sandstone) lies under the overburden; (2) that a probable 
shattered area (fault zone) begins between line H and line D and extends 
to somewhere between line B and line C; (3) that probably some other 
medium B lies to northward of the shattered area. 

The records for line N were poor records, with explosions and onsets 
indistinct. The velocity plotted for that line is given little weight. 
The records for P, B, M, E, F, G lines were excellent and consistent, in 
spite of the apparently excessive velocity on B line. Records on line H 
were good; those on lines C, L, D, J, K were only fair. 


CONCLUSION 


From Table 3 we see that best agreement is obtained upon the 
assumption of sloping interfaces when Vx’ and Vx’ differ materially. 
However, very satisfactory agreement is obtained with the simple 
assumption of horizontal interfaces. The t-intercept method is somewhat 
simpler to calculate than the line method and also gives acceptable results. 

The application of the refraction method to the location of a concealed 
fault is definitely satisfactory. In the test case the indication was more 
precise than the actual position of the fault is known. A greater depth 
of overburden would not have been a disadvantage and this depth would 
have been determined also. 
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F. L. Parrio. —Yes. We treat it as a ree layer and det : 
bd 
F. W. Lzz,{ Washington, D. C_—Do you use the first. arrivals? 


F, L. Partto.—We use principally the first arrivals in the interpretations, 
ever, we utilize the later arrivals to aid in clarifying the situation. 


F. W. Lex (written discussion).—This paper serves as a good iNdstration 
seismic methods may supplement electrical resistivity methods for the determinatic 
of bedrock and overburden where the contours are bedded planes. If possible tw 


( - tion. The combination of the seismic with the electrical resistivity are ideal in 
respect, since each functions in an entirely different manner, using properties se 
ground which are not related to each other. 


* Petroleum Geologist. 
¢ U. S. Bureau of Mines. 
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Analysis of Seismic Profiles 


By Irwin Roman,* Hovuauton, Micu. 
(New York Meeting, February, 1933) 


Numerous results and formulas have been published for analyzing 
seismic records, but most of them apply only to large-scale phenomena 
such as are encountered in studying earthquakes. In a few cases,’ 
formulas have been published for some of the simpler structures. In the 
present paper, an attempt will be made to analyze several types of struc- 
tures without using methods more advanced than those of a first course 
in calculus. 

In tracing a disturbance through a medium, it is almost always 
possible to base the analysis on Fermat’s Principle of Extreme Time, 
which states that waves of displacement travel between points in such a 
manner as to make the time of travel an extremum with respect to all 
neighboring paths. In the simpler cases, comprising most of those used 
in optics or geophysical prospecting, this time is a minimum and the 
principle is often referred to as the Principle of Least Time. Within a 
homogeneous medium, having a uniform speed of transmission of the 
disturbance in all directions and throughout the medium, the paths are 
straight and are refracted at the interfaces in accordance with the Snell 
law of refraction, which states that the ratio of the sine of the angle, 
made by the ray with the normal to the interface, to the speed of trans- 
mission is the same on both sides of the interface. Thus, in any medium 
composed of homogeneous sections, this same ratio has a constant value 
at all points. In particular, if all interfaces are horizontal, it is apparent 
that the angles of incidence are the angles made by the ray with the 
vertical direction. Furthermore, the incident ray, the refracted ray and 
the normal to the interface are all in the same plane at each refraction, 


* Contributing editor of Geophysical Abstracts, U. §. Bureau of Mines; Assistant 
Professor of Mathematics and Physics, Michigan College of Mining and Technology. 
1 The reader who wishes to pursue the subject further may consult one of the 
textbooks on the subject of geophysics, or the following references, in which a more 
complete bibliography may be found: 
Geophysical Prospecting. Trans. A.LM.E. (1929, 1932) 81, 97. 
Geophysical Abstracts, published monthly by the U. 8. Bureau of Mines, 
Washington. 
Annotated Bibliography for Economic Geology, published semiannually by 
Economic Geology Publishing Co., Urbana, Il. 
Engineering Index, Division of Geophysics; cards issued as printed. 
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so that if the interfaces are all horizontal, each ray must remain in the 


vertical plane in which it left the source. 

For the purpose of simplifying the analysis, we shall assume that all 
interfaces are horizontal except for the edges of the intrusion, which we 
shall call a salt dome because of the fact that the first success of seismic 
prospecting was with that type of structure. It will be obvious that 
any other intrusion of simple form might be treated in the same manner. 
As for the edges of the salt. dome, we shall assume them vertical. The 
edges will be perpendicular to the plane of the path for two of the faces 
and the dome will be assumed to extend infinitely in the directions 
perpendicular to the plane of the wave. In practice, no intrusion has 
such a simple shape, but as in many cases of application of theoretical 
results to practical problems, the idealization makes it possible to predict 
results that are as accurate as the data on whichitis based. As the data 
become more accurate and the method is proved satisfactory, the assump- 
tions are extended to more complicated conditions. The justification of 
the assumptions is based, usually, on the utility of the results. 

The primary study in this paper will be that of a salt dome buried 
under the earth’s surface, so that its exact position is to be determined 
by measurement of the times required for a disturbance to travel from 
‘a known shot point to a sufficient number of known receiving points, all 
of which lie near the surface of the earth. We shall calculate the times 
for various conditions and positions and then study the results of such 
theoretical deductions with a view to using the information in predicting 
the most probable structures from known observations of the times. 

We shall also assume that the region has been explored so that the 
profile will lie directly across the dome, and on this assumption the paths 
will lie in a vertical plane perpendicular to the two finite edges of the 
dome. In actual practice, the waves will travel in such a plane if the 
profile is approximately across the dome, so that this assumption is 
not an important one. ’ 

We shall also assume that the speeds and thicknesses are known for 
each medium transmitting the disturbance, later discarding a part of 
this assumption in applying the results. We shall assume that the 
medium in which the upper part of the dome is embedded is so thick that 
the next lower layer'does not enter the observations. For simplicity, we 
shall assume that the speeds increase downward in all cases. By the 
speed of a. medium, we mean the speed with which the disturbance is 
transmitted in that medium. For the primary problem, we shall assume 
homogeneous layers, but in a later section we shall discard this assump- 
tion and replace it by the assumption of a single medium for which the 
speed varies linearly with the depth. 

We shall also discuss reflections in a single medium and the deter- 
mination of depths of several layers, in both cases, discarding the presence 
of the salt intrusion. 
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Novation AND FoRMULAS — 


Depth of Burial (¢).—Let salt dome M, (Fig. 1) be embedded ‘in a 
medium M,, ata depth ¢ below the interface marking the contact between 


the (n — 1)th and the nth media, counting M, as the medium that forms 


the uppermost layer of the earth. . 
Counters (k).—As a convenience in notation, let the counter & extend 


over the positive integers from one to (n — 1). Where there will be no 
ambiguity, we shall use the simplified symbol 2 instead of the more 


0(0,0) ° R(x) 


Salt Dome 


Fic. 1.—THm STRUCTURAL ARRANGEMENT. 
n—1 
usual complete form pa to denote that the quantity affected by the 
k=1 
symbol is to be formed for all values of the counter from unity to (n — 1) 


and the results added. 
Thicknesses (Zx).—Let the thickness of the kth medium, Mz, be Ze with 


the special agreement that Z, shall equal ¢, when such a convention 


shall be convenient. 
Speeds (vx; v;).—Let the medium M;, transmit the seismic disturbance 


with a speed » and the salt M,, transmit it with the speed v,. In par- 


ticular, let vz41 > % and vs > Un- 
Shot Point (O).—Let the source of the seismic disturbance be at the 


origin, which will be referred to as the shot point. 


Receiver (R; x).—Let the receiver be placed on the surface of the earth 
to the right of the origin, the plane of 


g the vertical plane through the shot point and 


at the point R, at a distance x 
transmission thus bein 
the receiver. 
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Extent (x0; £1). —Let the dome extend from x = 2» to x = 41, where 

Xo < %. 

Path.—By the term “path,” we shall understand that Soth of tcavel 

from O to R for which the time of travel is an extremum with respect to 

all possible paths in the basic vertical plane. In particular, this extremum 

will be a minimum. ; 
Salt Path—The term “salt path” will indicate the path of pers Pe 
from O to R for which the time of travel is a minimum with respect to 
all paths passing through or touching a point of the salt dome. — 

Salt Point (P; ).—Let P be a point of the salt path, lying within, or 
on the surface of, the salt dome. Let its abscissa be & It follows at 
once that P must be at the upper surface of the dome, in order to lie on 
the salt path. 

Normal Ray (6%).—The ‘‘normal ray” is the path that is incident 
critically at the top of the bed M,, when the salt is absent or ineffective. 
If the normal ray makes the angle 6; with the vertical in medium M;, we 
have the relation: 


oe a 


sin 0, = = [1.1] 
Normal Point (é,).—The ‘‘normal point”’ is the point of incidence of 
the normal ray with the top of the bed and has the abscissa: 


f, = ZZ, tan 6 £1.32} 


which may be calculated. 
Normal Time (r,,).—The ‘‘normal time”’ is the time of travel from the i 
shot point to the normal point along the normal ray, and has the value: 


Zp Sec 
aoa (1.3) 


which may be calculated. 

Critical Ray (¢x).—The “critical ray” is the ray that is incident 
critically at the top of the salt. In particular, it may be absent in the 
group of possible rays. If the critical ray makes the ania ¢% With the 
vertical in the medium M;,, we have the relation: 

hua 
SIN o; = zi [2.1] 

Critical Point (£).—The “critical point” is the point of incidence of 

the critical ray on the top of the salt and has the abscissa: 


£& = 2Z, tan o + £ tan dn Pd 


which may be calculated. In particular, ¢ may vanish, but in all other 
cases it is positive. 


——— eS 


~~ 


" \ =” = ~~ ere! <4 “y = 


ad 


Critical Time (r-).—The “critical time” is the time of travel from 
the shot to the critical point along the critical ray, and may be calcu- 


lated from: 


Ze sec > sec dn 
es ead «ge Besa [2.3] 


Un 


Direct Ray (ix).—The “direct ray” from the shot to the salt point P 
satisfies the relations: 


sin i = — = sin 6; sin in [3.1] 
= DZ, tan ie + £ tan tn [3.21] 


where i is the angle made by the direct ray with the vertical in 
medium Mx. 

Corner Ray.—The “corner ray”’ is the particular direct ray that has 
incidence on the top of the salt at the near corner of the dome. The 
salt path is cornered if ¢ = 0 and & < 20 < & or iff > O and & < Zo. 
The various vertical angles are determined by the relations: 


sin i, = sin 6; SiN tn [3.1] 
xo = DZ, tan % + £ tan tp [3.22] 


In a specific case, these relations may be solved by successive approxima- 


tion or by repeated trial. 
Corner Time.—The “‘corner time”’ is given by: 


4 Z, se tp , £ SEC In 
6 Oe as > ; Ue + Un = [3.3] 


where the angles 7, have been determined from equations 3.1 and 3.22. 
Descent Paths and Times.—There are several types of paths from the 
shot point to the salt dome, depending on the location of the left edge of 
the dome. If wo S & the dome extends to the left of the critical ray 
and the descent is critical. If && < to < & the dome extends to the left of 
the normal ray, but does not extend as far to the left as the critical ray. 
In this case, the descent is cornered. If ¢ > 0 the descent is always 
cornered when %o > &, 80 that we may interpret & as infinity. If 
tn < to and ¢ = 0, the salt makes a complete break in the medium M, 


and the descent path is normal. This case does not occur for positive 


values of ¢. The time of descent from the origin to the salt point (E, £) 
for each type of descent is shown in Table 1, where 7,’ is the value obtained 
from equation 3.3 for the origin and the left corner of the dome and the 
other symbols have been explained. 

Ascent Paths and Times.—Similarly, there are three types of ascent 
determined by the location of the right corner of the dome with respect 
to the receiver. The corresponding times and conditions are shown in 


RE Te 


> 
= owe eee 


Re rciriey Ger Pen a | 
dnacd 7| Tel =r ++ 


tobe | ee etme 


te< no < Ey Cornered — 


¢ =Oand & S 2 Normal 


and the tah ae of the ‘ee 
TaBLE 2.—Time of Ascent 


"Condition ot en 
7 = soeoeols Chiueia et aie 
f mti<e<nth Cornered TF eg OE SS 
EIS far eon Normal Pe” = 144% 


Choice of Salt Point.—The total time of travel is the sum of the descent 
time and the ascent time, using the same salt point for the two times. 
The specific salt point to be selected depends on the position of the dome. 


If xo S &, we may select £ = £ so that we have: : 
Re Sus ‘yt [4.111] 
—~ 2 3 +< 
Da = To 1 2 Py é [4.112] ; 
TYTROP 7 v1 E. b 
he eee > Vs . [4.12] 2 
Ce [4.13] 
Vn Vs 
For 2 > &, we may select £ = xo, so that we have: 
T." =7,+2—e— [4.21] 
T,! =o, [4.221] 
" J Cf =e 
Honiton Foes | [4.222] 
Tt sy Dy RSs iitr C1 TBS 
je Bevertran ees [4.23] 


—_—— 1.) Ve 


a th: Reduced Time (te; t,).—In the cases of the critical and normal rays, the 
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fact that the rays are oblique to the vertical reduces the horizontal 


‘portion of the paths and the corresponding times. We shall find it 
_ convenient to introduce the term “reduced time” by the definitions: 


-_ es fe \ ; 
te = ic Vs i [5.1] 
‘ = = &n 
in = Tn Vs [5.2] 


Increased Speed (v,).—The presence of the salt of speed v, in the 
horizontal portion of the bed path reduces the time of travel by an 
amount corresponding to an increased speed 2, defined by: 


wait : eal 
Complete Path and Time.—For the complete path, there are nine 
possible cases, as shown by the corresponding conditions and times in 
Table 3. The case of critical descent and critical ascent includes the 
case of an infinite layer. When ¢ is positive, £, is infinite. 
Strata Lines.—In the absence of an embedded salt dome, the path 


refracted critically at the top of medium M, has the time: 


u—1 


ae sec Yur tan Yur 
Tu a Vu + 2 { ice Fart 3 7 [6.1] 
k=1 | 
u—l 
ee Zz COS Wuk 
=i + 2 >a ee [6.2] 
k=1 
u-1 
- 2 
ma + => Zy Cot Pur [6.3] 
k=1 
where: sin Yur = = [6.4] 


Vu 


Corner-path Calculations. Theoretically, conditions of equations 3.1 
and 3.22 determine the values of i, uniquely. For two media only, 
these conditions become: 


sin 7, = sin 6; sin 72 [7.1] 

xo = Zi tant, + § tan te ([7.2] 

where: sin 6; = - [7.3] 
Then Lo eal pee [7.4] 


is /1 —sin?t, V1 —sin? te 


/ 


i 
4a 


| ‘a "0 ei ae) 
aot et, et a | fe > 9 poe [euLIoN 
oe ae 4 ft pts 4 = s +974 fb = 47 Ue 9D S73 perieui0d 
2 
eae ope ae teeth =+ 1 = "LL 3 5 TeotFIT 
+ pusg= 5 “PE paIe ost > $2 4 te 3+ weSe <—WOI}IPUoH ed4y, 


persus0g [eotD eddy, 
queosy 


aul J, 9a) dwoj—'g ATAV I, 


aie ROMAN OT : a 
= ala: (al 


- ae 
v7 of 


~ t = 


heae , 
a coy eae ‘ag F 7 
But, so that: ‘ : 3 er 


i pallet dn me Zisnsyie ve sin 7; [7.5] 
— i : v0 SS SS 1/.0) 
Ogu) Tas: V1 — sin? a/v? — v2? sin? 41 


Ww Eton may be solved for 7. 

For more than two media, the direct solution becomes too complicated 
‘and should be replaced by repeated trials or by successive approxima- 
tions. In general, if Taylor’s theorem is sufficiently reliable to retain 
_ only the first two terms, we have: 


. f(y) = f(y) + y — yo)f'(yo) +. + > [8.11] 
; or 4 = Yo + fo hw. Abb | [8.12] 


Thus, if yo is an approximate root of the Eanes f(y) = M, a better 
- approximation is given by: 


= M_— f(yo) 
¥ = Yo i f' (yo) [8.13] 


In the present case, if we write: 


| y = sin ty [8.21] 
ee 3 a, = — [8.22] 
; V1 
Zri=6 [8.23] 
M = x0 [8.24] 
the conditions become: 
a sin % = ay [8.31] 
a n n 
4 Oe a a 
. fly) = 2 tan 1% eT, [8.32] 
7 fy) = ie a [8.33] 
g (1 — a,°y?)” 
For purposes of calculation, we may write: 
: Zi 
= Sy 8.41 
; Rx Nt any [ ] 
so that: fy) =y>R [8.421] 
k=1 


R 
fos > aay [8.422] 
k=1 


Often, a rapid preliminary ealoulation will dete er 


decimal place, and occasionally a value estimated without. 

be sufficiently accurate for the first approximation. After the pi ft 
has been determined, to the desired degree of accuracy, the corner - 

is found, from equation 3.3, to be: “ 


n 


k=1 


Corner Break (£3 x»).—If the he has ¢ = 0 and xr > &, we may 
take a receiver position such that x < x, + £&so that the ascent is critical. 
This is the case of a salt dome at the top of the bed; but not too near the 
shot point. For these conditions, the salt time is: 


Ti=ttte+epS [9.11] 
and the bed time is: 
= = 
T, = 2t, + = | [9.12] 


There is a value & such that if x = 2) + &, the two times 7, and T, will 
be equal. If x exceeds xo + &., the salt time will be less than the bed 
time, while if x) + & exceeds xz, the bed time will be the smaller. To 
determine the value of &., we have: 


Lo + & vob S 


ttt +> sis Saas oy Mat oe [9.21] 
Hence Lemode — 2) bee [9.29] 


Us 


The form given in equation 9.22 is convenient for determining the 
value of £, but another form shows its geometric significance more 
clearly. In terms of ¢ and 4, the increased speed is given, from equa- 
tions 5.3, 1.1 and 2.1, by: 


pw = Ped als sin P, — sin’ 
Uv; Vn Vs e Vk pa ; [9.31] 


which has the same value for all values of k. The reduced critical time 
is given from equation 5.1 by: 


te Ee Z SEC 
ie oe SS ee tN FL a = >)Ze tan de 


_~w t z 
= >; = (see oe — Fi tan x) = > aaa [9.32] 


ale eu ; (8.5) 
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‘The reduced normal time is given, from equations 5.2 and 1, by: 


ry : hon - = Sas &_ Same 


Un Uk Vn 
as Zi VUE i ‘ Zk cos Ox 
Da (cee Seah tan 61) ae [9.33] 
Combining equations 9.22 and 9.3, we obtain: 


Zi, COS Gi _ Zx COS Ox 


= fe ag ta Vk Uk 
Ee FF = a ae ase A a ae 
} 1 , Sin 6 sin ¢ 


ae at 
UP Vk UK : 
2 COS bx — COS Me _ el 
>% ag aps >% fan [9.4] 


This equation states that the dividing line between a salt lead and a salt 
lag is the line that has vertical angles midway between the corresponding 
critical and normal angles. This line is not refracted according to the 
Snell Law and hence does not represent a possible path. 

The importance of this relation lies in its ability to locate the near 
‘edge of a salt dome that may be considered flat and near the top of the 
bed. The intersection of the salt profile with the bed profile is available 
from the time-distance curve. If we call its abscissa 2, the edge of the 
dome is at 2» — &, where the value of £ is known. If the salt break lies 
ahead of the bed break, the lines must be produced to meet. 

Similarly, if the farther edge of the dome is beyond the point x = &, 


we have: 


ee 
—" 


BH eee Oa 


Ft Tce = a Tre = (ii T'ne-= tn — fet [10] 


" 


-which vanishes for % = %1 + ¢,. Hence, the intersection of the two 
‘straight lines that bracket the corner curve determines the farther edge 
‘of the dome in the same manner that the salt and bed lines determine the 
near edge. Fors = 0, there will be a salt lead if a1 > £ orto <% — &. 

Profiles (tm).—For ¢ = 0, the salt-profile curve consists of three 


portions: 
1. From a point + = Zm to a point «= 41 ++ &e, the profile is a 


: 1 
straight line with slope = 
2. From z = 41+ & to % = 21 + £,, the profile is a transition or 
corner curve. 
3, Beyond ¢ = 21 + &n) the profile is a straight line with slope i. 


a 


AN. ALYSIS OF 


For ¢ > 0, the salt profile consists of two sections: + bere beri agli 
1. The first section is the same as in the preceding case. 
2. Beyond x = 2, + £&, the profile is a corner curve which rapidly 


approaches a line of slope *. 


If ao S &, the first salt point has x, = 2£., while for x > &, the first 


salt point of the profile has tm = to + &. 

Effect on Time of Horizontal Position of Dome.—F¥or a dome of given 
horizontal extent and depth, the time of travel for a fixed receiver distance 
will be a minimum when as much as possible of the dome is included 
between the critical rays. The portions not included between the critical 
rays cannot affect the time of travel of the waves. Hence, if the left 
edge is to the left of the critical descent ray, the time can be reduced by 
moving the shot points to the left unless this causes the right edge to be 
to the right of the critical ascent ray. The corresponding analysis applies 
to the right edge. Thus, if the dome is sufficiently large horizontally, 
the time of travel will be a minimum when the dome extends over the 
entire distance between the critical rays. We may, therefore, restrict 
the analysis to small domes, such a dome being too small to span the 
entire distance between the critical rays. We may also assume that such 
a dome is entirely within the critical rays; i. e., 79 = & andz; Sx — &. 
For ¢ = 0, the exact location of the dome within these limits is of no 
importance, the time of travel being the same for all such positions. 
For ¢ > 0, both the descent and ascent rays are cornered and we now 
proceed to show that the time is a minimum when the path is symmetrical, 
which is the case when the center of the dome is midway between the 
shot and the receiver. 

For ¢ > 0, the salt time has been given by Table 3 as: 


T, = a = = Nh [10.1] 
where: Xo = YZ, tan % + ¢ tan 7, [10.21] 
xy = x4 — YZ, tanj, — Ftanj, [10.22] 
ie Zi, SCC 1, , € SCC Up 
t > pt kata pane [10.31] 
Zi, SCC 7 ¢ sec 7 
Pits k k n 
T a> ieee [10.32] 
se! Uns V~ SID ty 
eR Baharia [10.41] 
sank Vp SIN Jn 
sin J, = = [10.42] 


If the dome has a fixed extent | = 2: — x, we may use, for the inde- 


pendent variable, the abscissa X of its center. Then equations 10.2 
lead to: 


ee 


ash eae = be nr 
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* ste tase en 1 vay oi Us uA a, ee 4 
SH X ao DZ, tan t%, + ¢ tan tn [10.51] 


tri 
4 2 


m=Xts=2-2Ztanf—ftanj, [10.52] 
bay aa 


Poa the salt time is, by oat 10. 1: 


T, = : + trite pee [10.6] 


od 


fe nuathe equations 10.3, we obtain: 


Ss - > sec 2; tan re 7 a é. sec 7, tan eae [11.11] 

. S ; te = ae 7 Be je tan jae + 4 = : sec j, tan jaa [11.12] 
| From equations 10.4, it follows that: 
et ee = A SeC 1; COS ioe [11.21] ; 
g et = % Sec jz COS . [11.22] } ; 
-. Inserting equations 11.2 in equations 11.1, the latter become: 
? = = > sec? 7, tan 7 Cos it + £ sec 7, tan ina [11.31] 
ai, c 


= Zk cand 2 ; rn ’ . Jn 
qx = > sec? j, tan J, COS Inzy + rn sec j, tan inay [11.32] 


Furthermore, by equations 10.4, we have: 


; oe s sin 2% : sin 7 : 
tan i, = sin % sec %, = — Us SeC t = — “vy, sec 2, [11.41] 
k n 


_ tan jp = Ve sec ie n Jn [11.42] 
so that paations 11.3 may be written: 

a a nie din —” (DZ, sec® t%% + fv, sec? 7,) [11.51] 

i = ad ~~ es Jn vi, > 7X (a aie sec? 7, + [vn sec® jn) [11.52] 


By equations 10.5 we have: 
j 


DZ; sec? nt + £ sec? inset [11.61] 


eS ae i ee. jaals [11.62] 


which become, by equations : 11.2: ' 
j= = in qe (eZi sec? tk tim Se 


phy de ’ ; = 
=Z wv sec? v, seo? 
Un ral VK ie + SU, : Jn) sje pe a 


Dividing equations 11.5 by nt ad 11.7, we obtain: 


— 


dr,’ _ si ty 


GX mots ‘5 
ry! _ Y _ sin iF, in 
adXuwh Un 


Differentiating equations (10.6) and inserting a (11.8) we obtain: 


dT, - sin4, — sin Jn : 


ax oan Un [113s 
whence, for an extreme value of 7’,, for all possible values of X , we have: ad 
dng = Sa [12.1] “*% 


and, by equations 10.4: : 
tk = je (kK =1, 2-3, “Fe f) [12.2] 
Inspection of equation 11.9 shows that 7, is a minimum, not a maximum, 


since increasing X causes an increase in 7, and a decrease in j,, whence 
aT, 


ae 
dx 
For 7, = jx, the sum of equations 10.5 leads directly to: 
x ‘ 
a [12.3] 


which is the result we sought to prove. 
Symmetric Salt-dome Leads (A; B; L).—F¥or a small salt dome sym- 
metrically located, the salt time at a distance z is, for ¢ > 0: 


T, = Son [13.11] 
+ Z, SCC 1, , § SECA, 
where: = Pear ai ieee [13.12] 
gs Vp SIN ty 
Bn 4 [13.13] | 
=x —2%, = TZ, tani + ¢ tani, [13.14] | 


For a selected angle of departure 7, the angles 7% and 7, are fixed by 
equation 13.13. The abscissa of the point at which this path cuts the | 
top of the bed is: , 

£; = ZZ, tan t, [13.21] 


= =. ee 


——— ee ee ee ee 
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BAG ete _ NVZa see ty 
% = Ss -[13.22] 
x Then: aa t=e—-m = & +f tan in [13.31] 
Te =i + cen a [13.32] _ 


The salt time is: 


T, = [2 x 2(r = 2) a 2y| Sef = ] [13.41] 
8 Us Un 


Us 


If 7, is the bed time for a receiver distance 2, the salt lead is: 


Z Law Te Au Re [13.42] 
: <<a =~ x £; 
where: A= (7: = 4 — 2(r hers :) [13.43] 
_ 9fsecin tan tn 
B= 2 scabies ) [13.44] 
Since: Bi oa tiat — % sin in) >0 [13.51] 


the lead for a specific angle of departure is a linearly decreasing function 


of the depth of burial ¢. The extent of the dome also decreases linearly 


in ¢, since equation 13.31 leads to: 
= @, — % = (w — 26) +f tant [13.52] 


Since, for small values of ¢, the lead must be positive, it is apparent that A 


is positive. 
In terms of the lead L, we have, for ¢ > 0: 


w= & +f tant, [13.61] 


A-L 
fa aii [13.62] 


as the coordinates of the left edge of the dome. For ¢ = 0, two cases 
arise, according as %p < & OF Xo >= £,. In the former case, equation 13.62 
shows that L = A, which determines the ray in terms of L, after which 


ao = &. If to 2 bn; the salt path is not cornered, but normal, and 
the lead is 
De= a [13.63] 


, the abscissa of the left 


Reet tt 
v 


r 


Reversely, if the lead exceeds the value 


edge is given by equation 13.61, while if the lead is less than this quantity, 


Oe ee 


om) 
a, ‘the dome is is not 
shows that there can 


exceeds the value: 


A NumericaL ILLUSTRATION 


As an illustrative example of the analysis, consider the special ¢ 
shown in Fig. 2. 


Fig. 2.—SEcTION OF ILLUSTRATIVE EXAMPLE. 


| Thicknesses and Speeds.—Let the top layer have a thickness Z; = 2 


and a speed v; = 6.5. Let the second layer have a thickness Zz, = 3 and 
a speed v2 = 8. Let the third layer, with a speed vs = 10.5, be the bed, 
extending indefinitely down, or at least far enough so that the next 
lower layer has no effect Within the distance used for the observations. 
Let the salt have a speed v, = 16. 

Units.—While the units are arbitrary, we may, for convenience, take 
the unit of length as one kilofoot (1000 ft.) and the unit of time as 
one second. 

Angles.—The critical angle between the top and second layers _ 
is Y where: 


y [14.11] 
Hence: y = 54°20 [14.12] 


are 
or. 


| 


7 
t 


; 


~, > 
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wrt HEE 
[14.211] 
[14.212] 
6; =.38°15' [14.221] 
62 = 49°38’ [14.222] 
“The critical angles are ¢1, ¢2 and ¢3, where: 
[14.311] 
ean oreee [14.312] 
pele: ’ 
: sin ¢: = = = v2 [14.313] 
Hence: o1 = 23°58’ [14.321] 
o2 = 30° [14.322] 
gs = 41°1' [14.323] 


; Rays.—The normal ray has incidence critically at the top of the bed 
at the normal point whose abscissa is: 


- £, = Z; tan 0, + Ze tan 62 = 5. 106 [14.411] 
The normal time to the bed is: 


i 


ee a = 0.971 [14.412] 
2 


vy * 
The reduced normal time is: 
4 ty = te — 2 = 0.485 [14.413] 
The critical ray is incident at the top of the salt at the critical point whose 
abscissa is: 
«g, = Z, tan ¢1 + Zs tan do + ¢ tam $3 = 2.621 + 0.870¢ [14.421] 


The critical time to the salt is: 


i. pe Lise i , Zrsecds , {80 _ o779 4 0.1267. [14.422] 
04 V2 V3 
The reduced critical time is: : 
Coie é: = 0.606 + 0.072¢ : [14.423] 
Speeds.—The increased speed is: 
1 336 
vy = Teel, — Te = 30.545 [14.51] 


V3 Vs 


ON ae 


4s a 


Strata Lines.—For receiving points near the source, only the 0 1p 
layer is effective. For this section, the time-distance profile 
the equation: 
T, = = = 0.1542 [14.61] 

nl Pi 

As the receiving point recedes from the shot, a point is reached for which 
the direct wave arrives at the same time as that along the path refracted 
critically at the top of the second layer. Beyond this point, the second- 
layer wave arrives before the direct ray. This section of the profile has» 
the equation: be 
24800 Pe — 2Z, tan y 

V2 


= = 0.359 + 0.1252 [14.62] 


T, = 


As the receiving point moves still farther away, the path refracted ; 
critically at the top of the bed has the fastest travel time. This section 
of the profile has the equation: 


T. = 2Z, sec 6; < 2Z2 sec 02 ae 2(Z, tan 6; + Zs tan 62) 
° v1 v2 03 
= ty += = 0.969 + 0.0952 [14.63] 
3 


If the salt is absent, or very deep, the preceding section of the profile 
extends indefinitely. If the salt acts as an infinite layer, that is, if both 
29 and x — 2; are less than: 


& = 2.621 + 0.870¢ - [14.421] 
the profile has an additional section, whose equation is: 
T, = 2Z1 sec ¢1 a 2Z2 sec de 2 2¢ sec $3 oh 
V1 Vo V3 
x — 2(Z; tan ¢: + Z2 tan ¢2 + ¢ tan ¢3) 
Vs 
= 2t, + = = 1.212 + 0.144¢ + 0.0632 [14.64] 


Profile Breaks.—The transition break from the first to the second 
section of the time-distance profile occurs at Piz, of which the coordi- 
nates are: 

%12 = 12.437 and T 12 = 1.913 


\ 


— ss Ayer 


a a 
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- The transition break from the second to the third section occurs at Pe3, 


of which the coordinates are: 
Xe3 = 20.506 and 23 = 2.922 


If the salt appears on the intermediate line, the salt break is at Pos, of 


which the coordinates are: 

Yee = 13.649 + 2.300F [14.711] 
. To, = 2.065 + 0.287¢ | [14.712] 
If the salt appears on the bed line, the salt break is at Ps, of which the 
coordinates are: . 
X3s = 7.416 + 4.3906 [14.721] 
Ts. = 1.675 + 0.418¢ [14.722] 
Corner Correction.—The correction for passing from the profile breaks 

to the edges of the dome having ¢ = 0 is: 
& = (te — ta) = 3.708 [14.8] 
Corner-path Calculations—To illustrate the method of calculating 
in the case of the direct ray to a corner, let us take ¢ = 5 and two values 
of xo, Say 2) = Sand z) = 19. To form an initial estimate as a basis for 
the successive approximations, we may note that the sine of the critical 


TaBLE 4.—Corner-path Calculations 


xo 8 19 
epee ee 
y 0.4200 0.4423 0.4411 0.6000 0.5902 0.5856 0.5850 
ay 0.4200 0.4423 0.4411 0.6000 0.5902 0.5856 0.5850 
1 — ary? 0.8236 0.8044 0.8054 0.6400 0.6517 0.6571 0.6578 
a/1 — ary? 0.9075 0.8969 0.8975 0.8000 0.8073 0.8106 0.8110 
Ri 2.2039 2.2299 2.2285 2.5000 2.4774 2.4673 2.4661 
Ri/(1 — ai*y?) 2 2.6759 2.7721 2.7669 3.9062 3.8014 3.7548 3.7490 
eee SS Se 
aay : 0.5169 0.5444 0.5429 0.7385 0.7264 0.7208 0.7200 
1 — as%y? 0.7328 0.7036 0.7053 0.4546 0.4723 0.4804 0.4816 
Jl — ary? 0.8560 0.8388 0.8398 0.6743 0.6873 0.6931 0.6940 
Re 4.3134 4.4019 4.3966 5.4758 5.3722 65.3272 5.3203 
R2/(1 — a2y?) 5.8862 6.2563 6.2337 12.045 11.375 11.089 11.047 
asy 0.6785 0.7145 0.7126 0.9692 0.9534 0.9460 0.9450 
, 1 aay? 0.5396 0.4895 0.4922 0.0607 0.0910 0.1051 0.1070 
a/1 — ay? 0.7346 - 0.6996 0.7016 0.2463 0.3017 0.3242 0.3271 
Rs 10.995 11.545 11.512 32.793 26.771 24.913 24.692 
R3/(1 — as?y?) 20.376 23.585 23.389 540.25 294.19 237.04 230.77 
fy) 7.3552 8.0396 8.0003 24.461 20.433 19.154 19.000 
tf’) 28.938 32.614 32.290 556.20 309.37 251.89 245.57 
yw Yy +0.0223 —0.0012 0.0000 | —0.0098 —0.0046 —0.0006 0.0000 
yi 0.4423 0.4411 0.4411 0.5902 0.5856 0.5850 0.5850 
Cis et ke ee Ee ae ot Se eee Se 
Zi/(ur/1 — ary?) 0.3428 0.3794 
Z2/(v2x/1 — ary?) 0.4465 0.5403 
~Z3/(var/1 — ay?) 0.6787 1.4558 
Tr 1.4680 2.3755 


Cae Pe I a Are cee 


oY er, 


= 


angle of ean is 0.4062 i 
is 0.6190; hence we must restrict e angle 
between these two limits. The point of critical i 
& = 6.971, so that for 7) = 8 we may start with Y= 0. 
slightly larger than the critical value. For 2 = 19, we 
with y = 0.6, which is slightly less than the normal value. For 
cases, we have: i 


fa P 


Vie 2) Lign=ie Zed wr ii 


y= 6.5 v2 = v; = 10: 5 > rb tw sy : 
8 10.5 ‘ 
a = it ag = 65. 3 SSH WOE he a3 = 6. G5. == if. 6154 . 
Z1a1 =a 2202 = 3.6923 2303 I 8.0769 
Li a Zs > 
— = 0.3077 = 0.370 — = 0.4762 
V1 v3 ire 


The calculations are suneent in Table 4. The calculations are checked by 
the use of angles and their functions in Table 5. The calculations have 
TaBLE 5.—Corner Angles and Times 


sin i; 0.4411 0.5850 4 


sin 7, 0.5429 0.7200 
sin i 0.7126 0.9450 
iy 26°10’ 35°48" 
* 32°53" 46°3' 
a ; 45°27" 70°55’ 
tan 41 0.4913 0.7212 
tan t, 0.6465 1.0373 
tan 13 1.0158 2.8905 
sec 2; 1.1142 1.2329 
Sec 72 1.1908 1.4409 
sec tz 1.4255 3.0586 
Z, tan i, 0.9826 1.4424 
Z, tan i, 1.9395 3.1119 
Z; tan i; 5.0740 14.4525 
x 7.9961 19.0068 
z 
or 0.3428 0.3794 A 
2 900i 
2 - 0.4465 0.5403 
Z 
eRe s 0.6788 1.4565 
3 
| | Oe F 
tp 1.4681 2.3762 j 


eee 


en — —- o 


a 


“Si 
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Rees iy sa eae a 


I four places, but it is obvious that there is no theoretical 
_ limit to the degree of accuracy with which the calculations may be made. 
ae _ First Salt-profile Point.—If xo S &-, the first point of the salt profile 
 willbeatx = 2&, 7 = 2r.. Usually, this point is not obtainable directly. 
If ao > &, the first salt point of the profile is at © = xo + &. 

Appearance of Salt Profile—For small values of ¢, the salt line appears 
on the intermediate line, the break being at Pz. For large values of ¢, 
the salt line appears on the bed line at Ps. If Pos = Ps, we have 
i See 2.982y6 If 5S So; the salt break is at Pe., while if ¢ = fo, the salt 
break is at Ps. The salt break isshown in Table 6 for certain values of ¢. 


: gs TaBLE 6.—Salt-profile Data 


been made to f 


First, Salt Maximum 


ee ‘Effective Limits Point Pree aed 
% Salt 
a Time 
: ¢ Ec 40 — & wm L 
ee ee ee ee SS ee 
j 0 2.621 37.379 13.649 Pa (fe 4 1.067 
a 1 3.491 36.509 15.949 3.856 0.923 
4 2 2 4.361 35.639 18.248 3.999 0.779 
3 5.230 34.770 20.585 4.143 0.636 
ag 4 6.100 33.900 24.975 4.287 0.492 
5 6.970 33.030 29.365 4.430 0.348 
6 7.840 32.160 JontDo 4.574 0.205 
a 8.709 31.291 38.145 4.718 0.061 
8 9.579 30.421 42.535 4.862 none. 


Sn 

Maximum Detectable Salt Depth.—If, for the selected value of 2, 
T, exceeds T'3, there can be no salt lead, for any depth. If we select 
a = 40, we have: 


T, = 4.779 and T, = 3.712 + 0.1445 : GS ALw] 


if the rays extend beyond both critical rays. Hence there can be no 
salt detection if ¢ exceeds 7.423, independently of the extent of the salt. 
(See Table 6.) 

Effective Extent of Salt and Maximum Lead.—The portion of the dome 
to the left of c = £ and the portion to the right of x — & do not affect 
the salt path at all. In Table 6 are shown the effective portions of the 
salt dome and the maximum possible leads for certain values of the 
depth ¢ whenz = 40. These maximum leads occur-when the salt extends 

q over the entire interval between the critical rays. The table also shows 
the times for these same cases. When the entire effective extent is 


covered, the lead is: 
L = 1.067 — 0.144¢ [15.12]: 


Furthermore, if 2, < & = 3.708, there can be no salt lead for any depth. 


B14 | 8 01 

Fig. 3 shows the various icauned profiles. wher 
extent is covered by the salt. This is equivalent to having 
of infinite extent. The three dashed lines show the times for 
intermediate, and bottom media, respectively. The various full 
show the salt times for the depths indicated. The actual observab 
profile in a specific case is the group of lines representing the least tim 
for each abscissa. In the absence of salt, this will be the top layer line 
from the origin to P12, the intermediate layer line from P12 to P23, and the 
bed line beyond P23. The salt lead is obtained by noting the amount that 
the proper line lies below the normal profile for the selected value of x 


= 
f=} 


Time,seconds 
w 
oOo 


25 
rf + kil ce 
ae at ee 7 ance x, pret Receiver atx=40° 


Fic. 3.—TIME-DISTANCE PROFILE LINES AND POINTS. 


False Depth.—If the dome extends beyond the effective limits, and 
in some other cases, it is possible to make a false determination of the 
depth. For ¢ = 0, the salt line is: 

T. = 1.212 + 0.062z [15.21] 
which intersects the intermediate line at x2, = 13.649, between 212 and 
x23. While the intermediate line is not obliterated, it is obscured and . 
may be missed in drawing the profile for actual observations. If so, the 7 
profile consists of the two lines: 


T, = 0.1542 [15.22] 
T, = 1.212 + 0.144¢ + 0.0622 [15.23] 


The apparent depth is: 


Z = 4.310 + 0.511¢ [15.24] 
instead of 5 + ¢, so that the error is: 


E = 0.690 + 0.489¢ . [15.25] 


ys) 
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; é For ¢ = 0, this error is 0.690, or 13.8 per cent, while for ¢ = 1 the error 
is 1.179, or 19.6 per cent. 


If the depth is such that the salt line obscures the bed line, but not 


_ the intermediate line, the profile consists of the three lines: 


T, = 0.1542 [15.31] 
T, = 0.359 + 0.1252 [15.32] 
T, = 1.212 + 0.144¢ + 0.0622 [15.33] 
The apparent thicknesses are: 
Z, = 2.000 [15.41] 
Z, = 3.000 + 0.664¢ [15.42] 


The calculated depth is 5.000 + 0.664f so that the error is 0.3386¢. For 
¢ = 0, the error is nil; for ¢ = 4, it is 1.345, or 15 per cent. 

Bounded Domes.—If the dome does not extend beyond either effective 
limit, the salt line is not straight, but consists of two sections when ¢ is 
actually positive and three sections when ¢ is zero. The nine possible 
cases have times as follows: 


Tc = 1.212 + 0.1445 + 0.0622 [15.611] 
T. = 0.606 + 0.072¢ + 0.06221 + 7,” [15.612] 
Ten = 1.090 — 0.03321 + 0.0952 [15.613] 
T.. = 0.606 + 0.072 — 0.062x9 + 0.062x + 7,’ [15.621] 
T = 0.0622, — 0.06229 + tr’ + Tr” [15.622] 
Tn = 0.485 — 0.03821 — 0.062% + 0.0952 ++ 7, _—«[15.623] 
Tne = 1.090 + 0.03320 + 0.062% [15.631] 
Tar = 0.485 + 0.03320 + 0.06241 + 7,” [15.632] 
Tan = 0.969 + 0.0332) — 0.03821 + 0.0952 [15.633] 


If zo S & < £n S 21, the salt line will be 7..from z = 2, tov = %1 + &. 
This is a straight line as for the infinite layer. For ¢ = 0, the curve will 
have two additional parts, but for ¢ > 0, the final part is missing. In 
both cases, there is a corner curve T’cr, from « = 411+ & tov = %1 + fn. 
From x = 21 + &, (when ¢ = 0) to the right, the line 7’, is straight and 


is parallel to the bed line, with a lead: 
L = 0.0332, — 0.121 [15.7] 


which is positive for all values of v1 > &. The shape of the corner curve 


depends only on ¢ and (a — 21), not on &. 

Tit, tos nz. the three parts are: T,, from x = 2 + to z= 
ai + &, Tre from 2 = 41+ & tor = 21 + £,, and 7, from % = %1 + &n 
to the right, the final section being absent for ¢ > 0. 

If &, < 20, the three parts are T ney Tne aNd T'nn, the limits being at 


x = to + fe 1 + &, 1 + & and infinity. The third section is missing 
for positive values of ¢. 


pair of rai fe (L, i) Gaited a 


equations 13.6. For a selected value of L, 
of the left edge of all domes having that lead. gl 
symmetrically. For the particular case ¢ = 0, we determine x, 
x — vl _ 168L 

Sad Opa 
These results are tabulated in Table 7 for various values of the an 
departure 7; and are shown graphically in Fig. 4. The maximum p 
lead is 1.067 corresponding to the effective extent. (See Table 6.) 
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Fia. 4.—Epa@ Locus FOR SYMMETRIC SALT DOME OF CONSTANT LEAD. 


In Fig. 5 are shown the leads for various depths when the edges are 
kept in the same vertical planes. The leads are calculated from: 


For ¢ = 0, Te a [15.91] 
For ¢ > 0, L=A— Be [15.92] 
where r lat, [15.93] 


Corner Curves.—The parametric equations of the corner, or transition, 
curve are: 


tC—-t%1= &; + iG tan 13 [16.1] 
= ry + SC [16.2] 


5 ay P « : 
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bereec value of 71 devermnnien a point (2, Tr) of the 


0, the curve is a definite transition curve from the salt 
— 21 = & = 2.621 to the bed line at — 21 = & = 5.106. For 


ighy c>( curve extends indefinitely from x — 21 = & = 2.621 + 0.870¢ 


and | rapidly approaches a straight line of slope = ~ = = @.095: 


ConTINUOUSLY VARYING MEDIA 


Ina Se diuc for which the speed of wave transmission is a continuous 
- function of the depth, the methods of analysis just described lead to 
differential conditions instead of conditions of finite discontinuities. 
‘The methods are the same as those usually used in calculus. The medium 
is divided into uniform layers, each of which ultimately approaches the 
limit zero in thickness. In this way, equation 1.1 is replaced by: 


! 


aie 
sin 6 = = (P7214 


where @ is the angle made by the curved ray and the vertical at the point, 

the ray becoming horizontal when the speed becomes equal to the con- 

stant u. The value u is a parameter, which determines the particular 
TasLE 7.—Symmetric Dome Coefficients 


4 a —- a | A B : $ ‘max 
; Sa a peepee arte aS ae me a 

24° 1.067 0.144 7.423 

25 1.067 0.144 7.411 

26 1.065 0.144 «1.378 

Q7 1,064 0.145 7.319 

28 1.061 0.147 7.229 

29 1.058 0.149 . 7.105 

30 1.054 . 0.152 6.940 

31 1.049 0.156 6.727 

32 1.042 0.162 6.455 

y 33 1.035 0.169 6.118 

34 1.027 0.181 5.679 

, 35 1.017 0.198 5.126 

36 1.006 0.229 4,398 

ar 0.994 0.294 3.376 

38 0.979 0.633 1.547 


0 an aaa aE 
ray. The variables (8, v) belong to a specified point of the medium and 
ray. Also, equation 1.2 is replaced by: 


eS (ie tan 6dZ [17.2] 
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Depth %, kilofeet 
Fia. 5,—LEAD FOR VARIOUS EXTENTS OF SYMMETRIC DOME. 


(=) 


where z is the abscissa of that point of the ray whose depth is Z. Simi- 
larly, equation 1.3 is replaced by: 


Z 
ee i; rth [17.3] 


_ In order to complete the indicated integrations, it is necessary that 
we know the law of variation of speed with the depth. As a special 
case,” suppose that the speed at the initial point is b and that the speed 
increases at the rate a per unit depth. It is not necessary that the initial 
point be at the surface of the medium, but we shall imagine the depths Z 
measured from a horizontal plane through the initial point. In this 
notation, the surface of the earth may have a negative depth, but no 
inconsistencies need arise from this convention. Thus, we may write: 


v=aZ+b [18.1] 
For the descent path, we have: 


sin 6 v 


V/1 ee Pe ry 


tan 0 = [18.21] 


* This is the case discussed by Ewing and Leet: Seismic Propagation Paths. 
Trans. A.I.M.E. (1932) 97. 


~ 


5 
Thus, 


; This may be written: 


2 2 
(2 ee as rs (z 2a 2) Evite [18.32] 


pa 


s that the depth of penetration (since a and b are both positive) is: 


[18.33] 


Symmetry shows that the descent and ascent are similar, so that the 
entire path is a circle and the ray rises to the reference plane again at 
the distance: 


“a wang e : 
xs tg SS [18.34] 


To find the time, we have, by equations 17.3 and 18.22: 


° ey Oe 
a dv : b(u — Vu 0?) [18.41] 


= SS lo ny 
7 a), w/e — 0 E(u — a — 02) 


The time from the initial point to the lowest point of the path is: 


b ut VMu — bd? 
b 
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and the time required for the wave to rise to the initial plane again is: 


1 
a log [18.42] 


ee / 
a CE BC i [18.43] 
- a b 
Since the distance at which the ray rises to the initial plane is: 
a 
ues 2 ut — b? [18.34] 


a 


u =f + (2) [18.51] 


it follows that: 


: 2 u2—b? b Ae ath 
and represents a circle with center at ve =e and radius 7 8° 


— )" P 


so that ae “18; 43 becomes: 


1 = tg one @ 
ae WG) 


If we write k for 5’ this becomes: 


=e _ log (WI + Wa? + ke) [18. a] 


If we take two observations with the shot and receivers at the same rae 
distinguishing the two sets by subscripts, we have: | 


F — Ta _ log (W1 + Kas + hare) 
: Ti log (VJ1 + kx? + kz.) 


For two selected values of x and observed times 7’, equation 18.55 becomes 
a relation with the single unknown k. After the value of k has been 
found, equation 18.54 determines the value of a for each of the two 
observations, the results being the same, except for errors in observation 
and calculation. After k and a are known, the value of b is found without 
difficulty. Finally, the maximum speed and the depth of travel for the 
ray are computed from equations 18.51 and 18.33, respectively. Equa- 
tion 18.55 may also be written: ‘ 


[18.55] 


2. at 
6 i (VS1 + kx? os kas) [18.56] 
og (V1 + kx? — kay) 
The solution of equation 18.55 or of equation 18.56 for k may be made by 
repeated trials or by successive approximations. If the latter method 
is used, it may be expeditious to first expand the right member as a power 
series in k or 1/k, but this is not recommended unless several such equa- A, 
tions are to be solved. ‘ 
The relations of equation 18.31 and equation 18.41 are general for a 
medium in which the speed increases linearly with the depth. If dis- 
continuities are present, but in each layer, the speed varies linearly, the 
path must be considered in sections, each of which may be treated as 
above. For known speed laws, the determination of the path is direct. 
If the law is to be determined from observations, the method is indirect, 
an attempt being made to find that law which will fit the observa- 
tions most closely. This is, as usually, much more complicated, even 
if possible. 


—. 


i As a specific case of the use of these relations in a medium of linearly 
4 ing speed containing a discontinuity, suppose that at a depth A there 
is a high-speed layer which causes the waves to be reflected. For 
: simplicity, assume the shot and receiver to be located at the surface of 
= the earth. Let the contact occur at a depth corresponding to the speed » 
in the upper medium. The ray reflected at the receiver distance x after 
a time T' satisfies the equations: 
OD cw AT na) 

ne esp eevee [19.1] 
m= ah+b [19.2] 


wp Piet BG mW wtorres”) 
si > log ae art fait BB [19.3] 


Equation 19.2 determines », in terms of a, h and b. Hach observation 
measures a pair of values x; and 7';, but introduces a parameter wi. 
Thus, if there are n observations, there are 2n equations in (nm + 3) 
variables and a unique solution requires at least three observations. 
Theoretically, three observations will make a solution possible. In 
practice, the variables a and b may be determined for the short shots, 
and the rest of the unknowns may then be determined for the longer shots. 


REFLECTION PaTHs 


If the receiver is placed close to the shot point, the only rays reaching 
the surface from the lower beds are those reflected from these beds. 
Consider a homogeneous bed of uniform thickness. Suppose that the 
speeds have been determined for the upper layer and the bed, as by 
refraction surveying. Let the upper layer have a speed »; and the bed 
have a speed v2. Let the upper layer have a thickness h. The critical 
angle of descent is @ where sin 0 = v;/v2. If  S 2h tan 6, the wave 
reaching the receiver from the bed must be reflected. It will have 


| the time: 
‘1 2 
x 


P = 20.1 
Ss " [20.1] 
Tf the values of T are plotted against the values of x, the resulting curve 
f will be a hyperbola: 

3g 2g? — 927? = —4h? [20.21] 


which will be concave to the time axis. A refraction curve is usually 
concave to the distance axis. 

The first point on a refraction profile and the last point on a reflection 
profile must each be due to the point for which the incidence is critical. 


} For this case, we have: 


a = 2h tan 0 
, viT = 2h sec 0 
If ¢ is the angle (scales considered) between the time axis and the liz Be. 
joining the origin to the point corresponding to critical incidence, equa- 
tions 20.3 show that: ig ot 


2 S 
tan ¢ = v; tan 6 = sin 6 = 2 [20.4] on 


Usually, this point is not observable on the graph, but since the speeds 
are known, the critical line may be constructed. If the refraction profile 
is produced back to the critical line, the intersection will furnish the 
point at which the profile changes from reflection to refraction. In 
this manner, a refraction profile may be used to calculate depths more 
accurately by using the reflection formula. The method is fairly reliable 
even when the beds are slightly tilted. 

If, in equation 20.21, we plot b = x? as ordinate against a = ?¢? as 
abscissa, we have the straight line: 


way — b; cme i [20.41] 


where w = v;? and ¢ = 4h?, the subscript denoting the specific observa- 
tion. Each observation determines a value of the depth and of the speed, 
provided that the line is approximately straight, as indicated by equation 
20.41. The slope of the line is w and the corresponding speed is 9) = +~/w. 


The b intercept is —¢, from which the depthish = 14./¢. Foraselected 
region, 7; is constant, so that the slope w is constant. If the bed is 
horizontal, the line will be straight. It is not necessary that the points 
be plotted with the origin on the graph, since similar triangles will furnish 
the necessary information, 

If the speed to be used for a specified region is determined by reflec- 
tions from a bed of known depth, we have only to solve equation 20.1 
for v; and then to use that value as valid for near-by points. However, 
the graphic method makes such an assumption UnEOCEEae In fact, 
such an assumption may lead to appreciable errors. 

If the graph is approximately straight, we may assume that h and », 
are constant for the observations, so that we may write equation 20.41 
in the form: 

aw —-f=b [20.42] 


and obtain one such equation for each observation. If there are more 
than two observations, the values of w and ¢ may be determined by the 
method of least squares. However, before proceeding to the solution, it 
is usually desirable to refer times and distances to certain respective 
average values, in order to reduce errors of calculation. Let: 


a; = ao + ai : [20.4321] 
b; = bo + Bi [20.4322] 


_ Then, equation 20.42 becomes: 


(ao + ai)w —§ = bo + Bs [20.44] 
- The normal equations for the least square solution are: 
Bs Aw — BE =D [20.511] 
Z . Bo —Co=E [20.512] 
z ube rie 
A = Z(ao + ai)? = nao? + 2ao2ai + La;? [20.521] 
= D(a + ai) = nao + Za; [20.522] 
4 2 =n [20.523] 
ar D => Z(do + Qi) (bo a Bi) = nado a. bo Za; + Ao 2B; + Daf: [20.524] 
E = 3(bo + Bi) = nbo + 2B; [20.525] 
_ By equation 20.43, 
. La; = Da; — na = O [20.531] 
= 2B; = xb; — nbo = 0 [20.532] 


Thus, we may write equations 20.52 as: 


By A = nao? + 2a,’ - [20.541] 
a B = nao [20.542] 
C=n [20.543] 

D = naobo + ZaiBi [20.544] 

E = nbo : [20.545] 


The solutions of equations 20.51 are: 
[20.611] 


Qo = 


[20.612] 


ne Qo Da8s — bo Za,” 
Za,” 
1, = Vw 

h = YvV/e 
If two groups of reflections result in parallel lines, we have two lines: 
wa’ — b! = 2°’ [20.811] ; 
"OY = go" [20.812] 
where the superscripts refer to the two sets of observations. The vertical — 
distance between the two lines is: Ma 
A= —¢" = 4h? — 4h’? = 4(h' — hb” )(h' + bh) [20.821] 

If the change in h is small compared with either depth, we may write: 
= 8hd [20.822] 
where: 6 = h’ — h” [20.823] 


is the change in depth and h is the depth at either station. Finally, the 
change in depth is: 


= Aapw — bo 


A 

5= Sh [20.824] 
so that the change in depth is determinable in terms of the depth at either 
station and the vertical displacement caused in the ‘‘square”’ graph line. 
The percentile error in determining the changes in depth is about the 
same as the percentile error made in determining the depth directly. 
Thus, if the depth is known accurately at one point, as by drilling, the 
depth at a new point may be determined satisfactorily, if the new line 
is parallel to the old, on the graph. 
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MottieLe DertH DETERMINATION 


The strata lines of equations 6 may be used to determine the depths 
to the various layers in refraction profiles with several straight line 
sections. In the preceding part, equation 20.4, we made use of the critical 
point of the profile for a single bed. In general, we have the time for 
the ray refracted at the top of medium M, given by: 


2 
Ty = = + = Didi cot Yun ; [6.3] 
k=1 


where sin Yur = - [6.4] 


u 


~ Hence, for this point, we have: 


“Xs HD 


ty 22 : 
(0y21 81D Pu,u—-1) Tu — Te = > (vy—1 SiN Puju—1 SCC Pur — Ve tan Yur) [21.2] 
iS k= F: ‘ 


_ This represents a line whose x intercept is: 
u—2 


Luo = >a. tan Wuk Vy—1 SIN Wut sec Wur) [21.31] 
k=1 : ‘ 


and whose inclination to the 7 axis is ¢, where 


A ie 
tan du = Vy-1i 810 Wu, ud == Ve [21.32] 
Both zy. and ¢, are independent of Z,1, so that if the speeds are known 
for the layers above the uth, and if the thicknesses are known for the 
layers above the (wu — 1)th, the critical line may be plotted. Its inter- 
section with the line of equation 6.3, representing the paths refracted at 
Zz the top of the uth medium, furnishes x, and 7, after which equations 
21.1 furnish: . 
u—2 
3 , 2Fya tan Yuu-t = & — >/2%e tan Yur [21.41] 
k=1 


u—2 


: 2Zu-1 sec Yuu—1 = Vu ily aa St ee et [21.42] 
k=1 


Equations 21.4 lead to: 


1 | Se pay —s 

. Vy—1 SEC Vu 

| =F 24] Boal w ar og te aR ER Sa 2 tan Wuk 
' k=1 
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3 3 [21.5] 


fe Rete Disks,” ’ weak ’ <4 
a1. Grab anid ¢ . — 
ty, = 2Z;, tan Wur : ay om 
k=1 ; a L 
u—1 - a 
+ QZ, SCC Wuk i 
ies 2 - 2113) 
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This is the satiate” of thiol erikchgiavtorat j 1 
which case it leads to equation 20.23, after a 


Finally, if Z is the elevation of the surface, the level o of | 
layer, referred to the same datum, is: 


For purposes of calculation, we may introduce the notation: 


pe -§ 20y—-1 ae Vuk ‘ [21.71] wa 
Nue = 2 tan dur | [21.72] — 
Bur = Nux — Su, sin Vu,u—1 [21.73] 

= aks A 8a [21.74] 
Gime aN [21.75] 


_ In this notation, equations 21.3 and 21.5 become: 


v4 
tan dy = a [21.81] 
Zuo = SS 7Bu [21.82] 
YA ag Ped (tek Pee [21.83] 


Thus, if the profile is sufficiently reliable, each thickness may be 
determined after the preceding ones have been. For a reflection after 
several refractions, the formulation is less satisfactory, at present. 


SUMMARY 


In this paper, some general formulas for seismic prospecting have 
been developed and applied in the cases of horizontal layering, including 
rectangular intrusions such as salt domes. The results may be extended 
to other structures, such as faults and tilted layers. 

The primary problem has been that of a prism of salt embedded in 
the lowest layer of a group of homogeneous horizontal beds. While the 
principal attempt has been to make the analysis of the various possible 
cases, a few more general conclusions may be drawn. Some of them are: 

1. In many cases of refraction prospecting, the customary methods 
of analysis may lead to false determinations of depth, the calculated 
depth being too small. 


pis fairly near the top of the embedding layer, — 

. determined, at least approximately. 

A its shown in the numerical example refer only to the 
| system, as to magnitudes, but are typical of what may be 

expected in other cases. | 

4, The effective limits and the maximum depth at which a salt dome 

m ay be detected may be determined for assumed conditions. 

5, If the medium has a speed varying linearly with the depth, the 
path of the wave is a circle, while the path is a straight line if the medium 
is homogeneous. - 
ag 6. For determining the thickness of a single layer, a graphic or a 
least-square method is convenient in interpreting reflection data. 
--7. Tf the refraction time-distance profile consists of several straight 
line sections, it is possible to determine the depth of the contact causing © 
each section. | E- 
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Recent Geothermal Measurements in the Michigan — > 
Copper District 


By Jamus Fisomr,* Hoventon, Mics., L. R. INcersout,t Mapison, Wis. AND 
Harry Vivian,{ Catumet, Mic#. ‘ 


(New York Meeting, February, 1932) 


THE copper mines of the Keweenaw Peninsula in northern Michigan _ 
have long been of interest in connection with deep earth-temperature — 
measurements. The extraordinary low geothermal gradient of 1° F. 
in 223.7 ft. announced by Agassiz! as a result of measurements dating © 
from 1886, although later? stated as in error, served to focus attention on 
, this region as one offering, because of the great depth of the mines, unusual 
opportunity along this line. Lane,’ Van Orstrand‘ and others have made _ 
valuable contributions to this study. . 4 

Fresh opportunities afforded by the constant deepening of the mines, 
improvements in the accuracy and reliability of temperature-measuring 
instruments together with increasing knowledge of the heat conductivities 
and specific heats of the rocks, led the Michigan College of Mining and 
Technology in cooperation with some of the mining companies to renew 
work on this problem. It is planned eventually to complete a survey 
which will make use of the favorable opportunities for deep rock-tempera- __ 
ture measurements presented in these mines. This survey should include 
the determination of a depth-temperature gradient in both conglomerate 
and amygdaloid mines, and also the variations in temperature at the 
same depth in different geological formations. The first problem has a 
direct bearing on the question of providing equipment for necessary 
ventilation with increased depth. The second may show that a relation 
exists between the natural rock temperature and the mineral content of 
the formation. 

The measurements in all cases are to be guided by heat conduction 
considerations, to the end that they may represent as closely as possible 


* Professor of Mathematics and Physics, Michigan College of Mining and Tech- 
nology. 

+ Professor of Physics, University of Wisconsin. 

{ Chief Engineer, Calumet and Hecla Consolidated Copper Co. 

1A. Agassiz: Amer. Jnl. Sct. [3] (1895) 50, 503. 

? Brit. Assn. Adv. Sci. Rept. of 71st meeting, 65 (1901). 

3A. C. Lane: Bull. Geol. Soc. Amer. (1923) 34, 703. 

*C. HE. Van Orstrand: Amer. Jnl. Sci. (1928) 15, 495. See also N. H. Darton: 
U.S. Geol. Survey Bull. 701, 50. 
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the actual virgin temperature at the spot, unaffected by the mining opera- 


“ tions. ‘Due consideration is given, therefore, to the heat effects produced 
by the drilling and blasting operations and the ventilation of the 
- mine openings. 


TEMPERATURE MEASUREMENTS 


Temperature Stations 


The measurements so far have been confined to diamond-drill holes, 
and to the Calumet and Hecla mine in which most of the Agassiz measure- 
ments were also made. In the Agassiz work thermometers were sealed 
for weeks at the bottom of drill holes about 10 ft. deep in shafts or other 
passages which had themselves, in some cases, been exposed to ventilation 
for many months. A little calculation on the basis of heat conduction 
theory will serve to show that the results under such conditions would be 
largely influenced by the ventilation, and only in the most favorable cases 
could be depended on to give virgin rock temperatures unaffected by 
mining operations. The recent diamond-drill hole temperatures were 
taken by Dr. C. E. Van Orstrand of the U.S. Geological Survey, using his 
very complete equipment for this purpose with the clinical type of 
mercury in glass thermometers. 

In the present mine work a radically different procedure was adopted 
from that formerly used. All the measurements were carried out in new 
workings; i. e., drifts or other cuttings which were advancing steadily a 
number of feet a week and which were well removed from other parts of 
the mine. At such a “temperature station” a “temperature hole” would 
be drilled only a few feet back from the breast, and in rock of which the 
face had been exposed only afew days. This hole was 134 in. dia. (1)¢ in. 
at the bottom) and 7 ft. or more deep, slanted up about 3° for drainage of 
water used in drilling. Temperatures were taken with one or more 
thermometers located at the inner end of this hole. 


Thermometers 


After due consideration of the advantages and disadvantages of 
electrical temperature-measuring instruments, mercury in glass thermom- 
eters were finally chosen for this work, mainly because of their simplicity 
and reliability. Fifteen were especially made by Henry J. Green, measur- 
ing about 12 in. long, reading 0° to 40° C., in 0.1° C. The one tested by 
the U. 8. Bureau of Standards showed a maximum error less than 0.03°, 
and frequent comparisons, as well as zero checks, indicated in no case a 
correction as much as 0.1°. To obviate the tendency for the mercury 
thread to separate, in transporting, an inert gas at a pressure of about one 
atmosphere is included above the mercury. 


deal of attention was given. As they were Fy sees cbr y: és 
the temperatures at the end of the drill hole it was vital that there be oo 
change in the mercury column while the thermometer was being pulled — 
from the hole and read. At the same time it was very desirable thatthe 
thermometer should not be too slow in taking the temperature of its — 
surroundings, for in many cases it might be inconvenient to leave it in the - 
hole for more than an hour. 

After much experimentation, excellent results were secured by mount- 
ing the thermometer in a bakelite tube, 1 in. dia. and 14 in. long, slotted 
‘over the scale and with a special connecting device at each end for con- 
necting the thermometers in tandem. The thermometer bulb fitted 

loosely into a small vulcanite 
san inten finance. tube, which was itself wrapped in 
special paper to fit the bakelite 
tube, the whole being waterproofed 
————4 with wax and lacquer (Fig. 1). 
bas When placed in a drill hole or 
other region of constant tempera- 
ture, a thermometer so mounted 

GAKELIE TUGE . : 
ees gave a series of constant readings 
2 Yarn CLEAR. in about one-half hour, but on re- 
spare > moval a full minute would elapse 
before the mercury would show 
any change, even if the surround- 
ings were at quite a different temperature. This allowed ample time 

for reading. 


CORK 


Fic. 1.—THERMOMETER IN ITS MOUNTING. 


Temperature Readings 


As the holes were drilled in the usual manner with air-operated 
machines using a flow of water through the drill steel, there was almost 
no heating effect due to drilling. Temperature readings taken imme- 
diately after the hole was completed were sometimes a degree high, 
but after a few hours all evidence of drilling heat disappeared. To be on 
the safe side, however, little reliance was placed on readings made less 
than 24 hr. after drilling. 

When readings were to be made, phemmitin, tees in tandem groups of 
three (sometimes two) were run into the hole with a stout wire. The 
thermometer nearest the mouth carried a rubber washer which fitted the 
hole, and the mouth of the hole was stopped with a wooden plug. After 
an hour or two the set was pulled out, read and replaced, to be read again 
about every 2 hr. until three or four sets of readings had been taken. The 
procedure was repeated the next day or the day after, and sometimes 
continued at intervals for weeks or even months. In addition, air, rock 
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: face, psychrometer, and drill-water temperatures were occasionally taken 
in the drift to furnish general information as to thermal conditions at 
the station. 


Because of the ventilation from the drills, etc., the air temperature in 


the drift usually averaged a degree or two lower than that at the far end 


of the hole. Also, the thermometer farthest in, whose reading was 
chiefly depended on, usually read a few hundredths of a degree higher than 
either of the other two, although occasionally this was reversed. When 
the temperatures at the end of the hole—i. e., 7 ft. into the rock—were 
plotted against time, the points were found to lie, as a rule, within about 
0.1° CG. of a straight line, sloping slightly downwards and indicating a 
cooling of the order of a degree per month. After the temperatures in the 
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Fic. 2.—TEMPERATURE GRADIENT, DEEP WELL No. 2, Canumet anp Hecia Con- 
SOLIDATED CoppER Co. 


first three holes had been studied for several months, the procedure for 
the remaining holes was shortened so that all observations could be 
completed within two or three days after drilling. 

The procedure described above violates two traditions associated with 
measurements of this sort. These are to the effect that reliable measure- 
ments cannot be made in a temperature hole until some days or weeks 
after it is drilled; also, that all measurements should be far removed from 
blasting operations. Neither theory nor experiment could be found to 
support in any way the first tradition, which is doubtless a relic of times 
when holes were drilled dry, developing a great deal of heat, most of which 
was conducted into the rock. The second objection was not so easily 
disposed of. It is true that considerable heat is developed in blasting but 
it is hard to estimate just how much finds its way into the rock. Tests 
made immediately after a blast—which proved too dangerous to warrant 
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order of magnitude necessary to exert any effe 
measured in the hole. 


tried: hole No. 3 was drilled about 200 ft. pee No. 1, not, howeve , nt 
wall of the drift itself but in a little crosscut 16 ft. long. This ho. 


run in 14 ft. beyond the end of the crosscut, so that the end was 30 | 
from the wall of the drift. To keep ventilation from the crosscut, Q 
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Fic. 3.—TEMPERATURE GRADIENT, DIAMOND-DRILL HOLE No. 72, CoppER RANGE 
ConsoLIpaTEp CoprEer Co. 


brattice was put up where it opened into the drift. In this hole the 


cooling was inappreciable during the first month after drilling. The 


mean of the temperatures taken one day after drilling was practically 
identical with that three days later and also three weeks later, and was 
within 0.05°.C. of that of hole No. 1, in spite of the fact that hole No. 3 
was much farther from the blasting operations. 


RESULTS 


The results are shown in Figs. 2to 4. These curves are from tempera- 
tures measured by Dr. Van Orstrand in drill holes starting from surface, 
excepting No. 16 (Fig. 4), where the drilled hole started on the 4700-ft. 
level of the Baltic mine. This drill hole starts about 4550 ft. from surface, 
is inclined 64° to the horizontal and is bottomed at approximately 6250 ft. 
from surface. Drill hole No. 2 (Fig. 2) is a vertical hole in the Eastern 
sandstone. ‘The others are inclined holes in the Keweenawan flows over- 
lain by glacial drift up to 250 ft. in thickness. AJl holes contain water to 
within a few feet of the top. The average temperature gradient for the 
vertical depth from 500 to 1500 ft. from surface in the trap rocks is 129 ft. 
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per degree. In the Eastern sandstone the average is 125 ft. per degree 
“J eit. The average temperature distance graphs produced cut the 
line at 41.8° F. The mean annual air temperature for a period 
of 30 years as reported by the U. 8: Weather Bureau at Houghton is 
 40.5° F. As the ground is covered with snow for several months during 
the year, and does not freeze, the mean annual ground temperature at 
surface is above the air-temperature average. 

In the temperatures measured underground, “‘surface” is the collar 
of the Whiting shaft of the Calumet and Hecla Consolidated Copper Co. 
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Fig. 4. TEMPERATURE GRADIENT, DIAMOND-DRILL HOLE Bauttic No, 16, Coprnr 
Rance ConsoLipaATED CorrEr Co. 


: The surface level above the mine does not vary much from this. The 
probable error (about 0.1° C.) listed with each is the estimated departure 
of the result from the virgin rock temperature at that point. 

‘The points as plotted on the curve lie very nearly on a straight line 
which cuts the surface level at about 40° F. or some three degrees below 
the value taken by Lane’ as the average surface temperature at Calumet. 
The average air temperature at Calumet for the years 1888 to 1930 
inclusive is 39.32° F. Lane’s value is arrived at in several different ways, 
all of which give nearly the same result, and is believed to be a very good 
average. It will be noted also that the shallow Agassiz points—with one 
extraordinary exception—would about strike this value. So far, in the 


5 Reference of footnote 3, 703-705. 


bp nibs in the upper mine lewcie, 
The results give as an average temperature gradient, from pie 1 
down to 5500 ft. below, 0.00922° F. per foot, or 1° F. in 108.5 ft., and Hee 
the gradient 3500 to 5500 ft., 0.00970° F. per foot or 1° F. in 103. cin 
On the basis of these results, eile the gradient for the deeper levels is 
somewhat steeper than for the surface, the difference is a matter of onlya — 
few per cent, a smaller difference than has formerly been thought to be — 
the case. Lane‘ gives as an average gradient 1° F. in 105 ft., which is in 


good agreement with the present determination, but for the deeper levels 


his available data gave 1° in 90 feet. 

The gradient of 1° F. in 108.5 ft. is equivalent to 1° C. in 59.5 m., which 
is less than one-half the value taken by Kelvin; 1° C. in 27.76 m.—as 
the average for the whole earth in his calculations on the age of the earth.’ 


Theoretical Interpretation of Results 


Any change of temperature at the earth’s surface is propagated down- 
wards as a wave. The diurnal changes are damped out in a few inches 
and even the annual variations disappear within a few feet in depth, but 
the slow climatic changes accompanying glacial periods may leave their 
impress for many thousands of feet. Theoretically, given a sufficiently 
complete knowledge of the geothermal gradient and character of the rock, 
one could reconstruct the previous thermal history of the region. Certain 
assumptions must be made, of course, and the matter is far from simple, 
but it may be possible in this way to supplement to some extent existing 
geological knowledge in this field. Lane® has already made an interest- 
ing start in this connection. 

Two of the most important assumptions in this connection are (1) 
that the rock has the same thermal diffusivity at the depth of a mile as 
near the surface, and (2) that there are no heat sources giving local 
disturbances in the gradient. Both these assumptions must await further 
investigation for their proof, but from the knowledge at hand they appear 
to be justified for this region. In particular, it may be noted that there is 
very little evidence of reactions, either exothermal or endothermal, in the 
rock.’ A further point of evidence for this is that the temperature points 
all lie well on the curve, in spite of the fact that some of the stations are 
separated horizontally by a distance of some two miles. 

In handling the matter theoretically, it is first necessary to know the 
thermal diffusivity (thermal conductivity divided by the product of the 
RE aoe oe ter SY a 


6 Reference of footnote 3, 703. 

7 See Ingersoll and Zobel: Mathematical Theory of Heat Conduction, 88. New 
York, 1913. Ginn & Co. 

8 Reference of footnote 3, 711. 

® Reference of footnote 3, 704. 
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specific heat and density) of the rock. B. O. Pierce’ gives as the con- 


_ ductivity of two specimens of trap rock from the Calumet and Hecla 
~ mine the values 0.0031 and 0.0036 C.G.S. units which give, using 2.8 as 


the density and 0.19 as the specific heat, the average value of 0.0063 as the 
diffusivity. One of the authors (L. R. Ingersoll) recently determined the 
diffusivity of a specimen of trap from this mine by a new method. 


The specimen, in the form of a slab, was protected so that heat could flow 


only normal to the large faces. From readings of a thermocouple located 
in the center, when the slab was plunged in ice water, measurements were 
obtained from which the diffusivity is readily calculated.'"' This gave a 
diffusivity of 0.0077, which is provisionally accepted for the pres- 
ent calculations. 

Using this value of the diffusivity, calculations were made of the 
temperature-depth curves corresponding to 24 different hypothetical 
“thermal histories” of the region. The simplest assumption would be 
that the surface temperature had been about as at present for 10,000 years 
and that before that the surface was covered with ice. Other assumptions 
involved a higher surface temperature after the last glacial epoch, while 
more complicated ones took account of no less than five glacial periods. 

The equation"? for calculating the points for this curve is 


—z? 


. —— 
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where x is the distance below the surface at which the temperature is 
to be calculated, h? the diffusivity and F (A) the surface temperature 
function, which was given 24 different forms as indicated above. The 
curves were then all superposed on a uniform gradient, which caused them 
to pass through the two points 5.9° C. (Lane’s value) at the surface and 
34.3° C. at 1676 m. depth, which is the average of the three values at 5501 
ft. They were then all plotted to the same scale on the same type of 
section paper. 

A duplicate of the curve of observed points was then plotted on trans- 
lucent section paper of just this size and placed over these 24 curves, one 
at a time, in the endeavor to see which gave the best ‘‘fit’’; i. e., which of 
the assumed thermal histories gave the curve that most nearly fitted the 
facts as we now see them. The comparison seems to indicate clearly one 
point—that our data agree best with assumptions tending to push the 
time of the last glacial epoch back further than usually assumed, perhaps 
to 30,000 years ago. 


10 B. O. Pierce: Proc. Amer. Acad. Arts and Sci. (1903) 38, 652. 
11 For a brief account of this method, see L. R. Ingersoll and O. A. Koepp: Phys. 


Rev. (1924) 24, 92. : 
12 See Byerly: Fourier’s Series and Spherical Harmonies. New York, Ginn & Co. 
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ConcLUSIONS 


Temperature measurements in eight special drill holes j in the C 
and Hecla mine, together with one in an old hole which has suff 
appreciable temperature change in 10 years, all fall very nearly or 
straight line. The temperatures range from 74.75° F. at 3562 ft. bel v 
the surface to 95.31° at 5679 ft. When taken in connection with Lan 8 
value of 43° for the mean surface temperature, these give an average 
temperature gradient of 1° F. in 108.5 ft., or 1° C. in 59.5 m., which is 
only about one-half the Kelvin average cr the whole earth (1° in 27.76 : 
m.). The gradient at an average depth of 4500 ft. is 1° F. in 103.1 ft. 

The data are not sufficient as yet to allow any positive conclusions as — 
to the time and extent of the glacial epochs, but point strongly to a value 
at least as large as 30,000 years as the time which has elapsed since the 
last epoch. 
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DISCUSSION 


(Allen H. Rogers presiding) 


A. C. Lanez,* Tufts College, Mass. (written discussion).—Ingersoll and Van 
Orstrand were kind enough to send me reprints of their papers in the New Orleans 
geophysical symposium.'® These valuable and suggestive papers were followed by 
the longer A.I.M.E. publication by Fisher, Ingersoll, and Vivian, which appears in 
this volume. Another paper, by G. E. McElroy, gave further data.14 A notice of 
Ingersoll’s work in the Bulletin of the American Association of Petroleum Geologists 
(Sept., 1929, p. 949) singled out one of his least certain conclusions. 

Then I learned that R. H. Cleland had prepared a paper on the Canadian mine 
temperatures.15 Van Orstrand has also published other papers!* and finally Ingersoll 
and Hotchkiss read another paper at the A.A.A.S. symposium in Chicago in June, 


* Professor of Geology and Mineralogy, Tufts College. 

13 Physics (1932) 2, 154-158 and 139-153. 

4G, E. McElroy: Natural Ventilation of Michigan Copper Mines. U. 8. Bur. 
Mines J'ech. Paper 516. 

15 R. H. Cleland: Rock Temperature in Mines. Canadian Min. and Met. Bull? 
(1933) No. 256, 379-409. 

16 C. E. Van Orstrand: Jnl. Wash. Acad. Sci. (1932) 22, 529-539; Ergaenzungs- 
hefte f. ange. Physik (1933) 8, 261-281 (Fig. 7 is corrected in the reprint and the next 
number). 
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1933, on the Michigan work,” and Prof. S. J. Truscott’s lecture on Problems of 

_ Mining at Great Depths, in discussing the same problem I treated in Mineral 

Industry,” also discusses the rate of increase of heat, which affects ventilation and 
working capacity, and the rigidity of rock. 

_ To mining men the primary interest in these investigations is the effect of the 

rise in temperature on ventilation, the cost of keeping the temperature down to 

»- working conditions and the limit thereby set to mining. This is particularly true 

ret the papers of Cleland and McElroy, and the present situation is well summarized 

in Professor Truscott’s lecture. 

A second economic interest has been brought out by Thom, and by Van Orstrand 

in-the papers above cited, which led to studies under the auspices of the American 7 
Petroleum Institute, listed by him and summarized by K. D. Heald.” Still other 
problems in which the rate of increase downward of the earth’s heat is an important . 
datum are those stated in Holmes’ lecture on the geothermal history of the earth,?* 
in Daly’s recent work,?? and in DeLury’s paper,?* and in problems of underground 
water circulation. ; 

The comments made here are not to be taken as hostile criticisms of any of these 
papers, but rather as supplementary. It is suggested, however, that the rate of 
increase to be expected below the bottom of a mine will be best estimated by leaving out 
the first few hundred feet and taking the rate of increase shown in the bottom thousand 
feet or so. 


Surrace TEMPERATURE EFFECTS 


The flow of heat from the interior of the earth is like the flow of a river into a tidal 
sea or a lake, whose level is affected by waves of different’ periods from the ground 
-_-- gwell to the daily tides. The effect of these waves is felt upstream with lessened 
amplitude. Even so, any wave of surface temperature has its amplitude flattened 
and the time of its arrival delayed by a factor that is proportional to the distance 
down and inversely proportional to the diffusivity and the duration of the wave. If, 
for instance, 50° daily wave of summer heat is flattened down to 0.5° at a depth of 
ss: 2 ft, the annual wave of heat will, with the soil of the same diffusivity, be reduced to 
_ 1 per cent of its amplitude in 2+/365; i.e., 38 feet. 

As Ingersoll and Fisher and Van Orstrand point out, and as appears from Cleland’s 
work, the mean soil temperature, the zero from which the geotherms start, is not the 
mean air temperature. It is affected by the radiant heat and the color of the soil and 
by evaporation and by the snow blanket. As Van Orstrand points out (p. 150) for 

9 the Long Beach, California, hill, the mean for the south side of a hill may be 73° 
while on the north side it is 71.4°. This may not all be due to difference of exposure 
to radiation. 

Generally, as Van Orstrand says (p. 271), the mean air temperature is lower than 
the mean soil temperature, and this, in Calumet and Canada, is due mainly, I think, 


17 J. R. Ingersoll and W. O. Hotchkiss: Jnl. of Geol. (1934) 42, 113-124. 

8. J, Truscott: Nature (1933) 132, 229. 

19 A. C. Lane: How Deep Can We Mine? Main. Ind. (1895) 775. 

2” Tenth annual meeting of the Petroleum Institute and Prod. Bull. (1930) No. 
205. See also papers by V. E. Barnes, McCutchin, Hawtof, Carlson, etc. Bull. 
Amer. Assn. Petr. Geol. (1932) 16, 444. 

21 JnJ. Wash. Acad. Sci. (1933) 23, 160. 

22 Daly: Igneous Rocks and the Depths of the Earth, especially Chap. 10. New 
York, 1933. McGraw-Hill Book Co. 

23 De Lury: Thermal History of the Crust. Trans. Royal Soc. of Canada (1932) 


sec. 4, 279. 
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i 
to the blanketing effect of snow in winter. This has been worked 0 
Callendar and McLeod for Montreal,?4 I showed it for Calumet,?* and it a 
also from Cleland’s work. For instance, for Sudbury, Cleland (p. 380) giv 
monthly mean temperatures as: J 7, F 8, M 20, Ap. 38, M 51, June 62, July 66, 
S 56, O 44, N 30, D 16; year average, 38° F. If in getting the yearly average We — 
replace the temperature for months where the average is below 32° by 32° (a tem- 
perature reached a couple of feet below the surface if the ground is snow covered), 
we should increase the average by 6.6° to 44.6°. The surface temperature indicated oa 
by the underground temperatures Cleland assumes to be (p. 404) 45.7° or, from his 
Fig. 14, somewhat lower. Similar calculations can be made from the mine data on 
page 402 and the Cochrane air temperature on page 380. From the yearly air average 
of 32.8°, an increase of 9.5° would give 42.3° for a surface rock temperature as against — 
38.5° and 40.5° which Cleland (p. 386) assumes. An excellent recent summary of x. 
the annual seasonal effects of surface temperatures has been given by Frank Reeves,”® 
from which it appears that a mean annual range of temperature of 110° in North 
Dakota drops to 10° at 10 ft. depth, and to 1 per cent of the variation at a depth in 
feet equal to 


6.784/ (diffusivity in feet X duration of wave in same time units as used for diffusivity) 


If we take the units in feet and years, the diffusivities will vary from about 85 to P 
400 as used by Kelvin, and the diffusivity found by Ingersoll for the Keweenawan 
rocks (0.0075 in c.g.s. units) becomes 254 in foot-year units. At this rate fluctuations 
of climate even as long as the 1400-year cycles suggested by Brooks and by Clough?’ 
will be reduced to 1 per cent of their surface value in 1550 ft. At that depth also, 
as has been noted, there is, if any, very little water circulation from the surface and 
a lessened ventilation effect. Thus the gradient from 1500 ft. down is more reliable 
and, if not affected by continuous ventilation, should be trustworthy. 

One of the important things that appear from the group of papers under discussion 
is the comparative ease with which the rock temperature can be obtained within a 
degree or so in new or unventilated (dead end) workings. Whether a thermometer 
is left 30 min. or 18 hr. (Cleland, p. 383) or whether it is in a hole 5 ft. deep or 20 
(pp. 383, 391) is not likely to make a difference of 0.5°. The ditch water will be at 
the same temperature or slightly higher, and the dry-bulb air temperature in advanc- ~ 
ing headings and dead ends will not differ from the rock temperature by more than 
4° F., usually about 2° F., though temperature readings in advancing headings should 
wait until 3 hr. after drilling and/or blasting. On the other hand, continuous venti- 
lation currents, which both in Michigan and Canada are generally upcast near the 
shafts, have a cumulative effect (which may be very important)® up to several 
degrees. The rather rough work done by the writer with a small pocket thermometer 
has therefore a real value as compared with later work that is more refined but more 
likely to be affected by continuous ventilation through years. 

Suppose that a town is started and a boilerhouse is put over a mine, and that that 
raises the mean soil temperature 8°. In 25 years the 8° will have an 0.08° influence 
at the square root of 25 or 5 X 38 ft. down; that is, 190 feet. 


4H. L, Callendar: Trans. Royal Soc. of Canada (1895) [2] 1, sec. 3, Fig. 6. Also 
H. L. Callendar and C. H. McLeod: Idem, [2] 2, sec. 3, 109 and 8, sec. 3, 31. 

2 Bull. Geol. Soc. Amer. (1923) 34, 709. 

26 FW, Reeves: Virginia Geol. Survey Bull. 36, 9-15. 

27 Monthly Weather Rev. (April, 1933) 107. 

8 For instance, in August, 1931, Ingersoll found in a diamond-drill hole in the 
Kearsarge lode, 81 level, 4792 ft. below surface, 86.77° F., which in 1921 gave 86.2° 
This may be due to heating up from below as the mine deepened. 


Clayton also suggests that the climate has 


DISCUSSION 
i 
__ Some such effect seems to be visible in some of the mines in Canada. In 1931 
‘I found that in the Porcupine district the lowest temperatures were at something like 


; sf 300 to 400 ft. down, whereas the temperatures in the levels above were from 44° to 46°. 
This may, of course, be due to the mine ventilation. But the possibility must not 


be overlooked that forest fires and settling up the locations, say 25 years ago, had 
started a heat wave now 5 X 38 ft. down. 
Temperature of Rock, degrees 


5 e ‘ 30 35 40 45 50 55 60 65 10 
become milder, perhaps temporarily. This 0 


P 

may account for the fact that the surface 200 es g + | 
temperatures which Cleland computed from 00 

the mine temperatures below are less than 400 O ; | 
those I computed above, with due regard to 600 - bent “ 


snow blanketing, and that (p. 402) for the : 

“Jowest geothermal gradients” as he com- 800 —+—_—_— 
: @ J A.C. Lane 

puted them there is ‘‘the greatest tempera- | \ q 

ture difference between indicated ground mee av ‘ol a a i tr 

surface temperature and mean normal 200 i i t re 


atmospheric. This appears in Fig. 4 of 
Cleland’s paper, and also in some data 
kindly furnished me by E. Henderson of 
the Noranda mine (Fig. 5). 

In the same way, if there was a sudden 
rise in temperature when the ice of the ice 
sheet retired, and that was something like 
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10,000 years ago, its effects would be 
reduced to 1 per cent of their range at 2 an00 si | | | 
something like 3800 ft. I had pointed out “tee potted} > [ 
some such effect and the authors have 9-2600/— from Readings 
revised my figures. That there is usually a trom the Melniyre 
: 5 2800|— Mine Only 
- flattening of the gradient in the upper parts ar P 
of the well may be due to this as well as to 3000 ae 5 | =t3 
convection by water. | 
The reviewer in the Bulletin of the 3200 | + al) KP fe 
Association of Petroleum Geologists called — 3490 {—_} + | QP | 
attention to the fact that Ingersoll thinks Porcupine Mines =P 
that his figures indicate a post-glacial wave 3600} —}-—} 118-8 
for a period, say 30,000 years, since the last ~— 3800 Le A eNOee | 
glacial overflow for this region. This is two | | eh | 


or three times longer than I had assumed 4000 
Fig. 5.—RELATION BETWEEN TEM- 


ee ge. phy oe a PERATURE AND DEPTH IN CERTAIN 
Geological Society of America. But Inger- G,NADIAN MINES. 

soll suggested it only tentatively and did 

not give the exact method of computation and at Chicago in his later paper?? rather 
lessened the time. On the other hand, Ingersoll has added a new value for the dif- 
fusivity of the Keweenaw rocks (0.0075 c.g.s.) that is distinctly better than mine, 
which was indirectly computed. Naturally computations of time will be altered 
somewhat to match. 

On the other hand if one takes Fig. 2 in Ingersoll’s last paper, and notices that he 
assumes as an “initial curve” one starting from freezing at the surface and running 
to 93° F. at 5500 ft., four or five degrees less than the present temperatures at the 
bottom of the mine, and notices also that between 2800 and 3500 ft. there are three 


29 Jnl. of Geol. (1934) 42, 119, 120, curve DE. 
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observations of present temperatures that. fall ete that line, 
that (neglecting my previous observations entirely) it would be po 
observations to draw a curve of initial and present temperatures that 
touch at two-thirds of the depth, and indicate a post-glacial time fov 
long, something like the time recently found by Schlundt in the Yellowstone Na‘ oni 
Park. I mention this to call attention to the fact that what is needed in the Copp 
Country is not so much more observations at greater depth as more in newly 0: 
entries and crosscuts between 2000 and 4000 ft. down. - 

The Canadian observations, being adjusted to a ee ai surface Poe and — , 
diffusivity, cannot be used. he 

Of course if we could have equally acourate observations in the 10,000-ft. oil a + 
now going down (I understand it is impossible) chmpate changes a huadead thousand 
years back could be traced. te 

The Canadian mines show no clear sign of a eee heat wave, and a tes 
lower gradient, conceivably due to a thicker and more radioactive crust. 

I am by no means wedded to the precise figures of postglacial time which I give 
and I am delighted that others are taking up the method, and doubtless they ia 
get better results. But the strength of the chain is the kee of its weakest link, 
and while Ingersoll’s measurements are more accurate than mine, and their careful 
work showing the effect of ventilation, drilling, and blasting is of value anywhere that 
such measurements are taken, yet there are certain considerations that must be 
duly considered in their final conclusions. 

In the first place, the effective depth cannot be measured from the eollar of the 
shaft. As will be seen by considering Van Orstrand’s papers, especially that “On — 
the Correlation of Isogeothermal Surfaces with the Rock Strata,” the topography of 
the country above must be considered. & 

Roughly speaking, the average elevation of the surface in a circle whose radius is 
the depth might be considered as the effective surface, and that would vary withthe 
depth were it not for another consideration that comes in. The surface covering of 
glacial deposits suggests the question as to whether there were large boulders and 
stagnant masses of ice which remained embedded in these deposits and slowly melted 
so that the effective surface at 0° C. was not the present surface but the bedrock 
surface, especially for the deeper stations where the cooling gradient is adjusted to the 
temperature shortly after the ice retired. This is the same kind of effect with which 
Van Orstrand has to struggle when considering the recent domes over the oil deposits, 
where it is indicated there that the rate of erosion has, in some cases at least, been 
more rapid than the readjustment of the isogeotherms to the surface. 

Now it so happens that over the Calumet mine there is a great deal of kettle-hole 
topography and of filled old lakes which may have been occupied with stagnant ice 
sometime after the disappearance of the main ice sheet. It may then be a fair 
question whether the surface of the ground or the surface of the bedrock should be 
taken as zero. Again, in a mine on the incline the depth is the depth for an area 
directly over the station where the observation is taken and not that of the collar 
of the shaft. However, over the Calumet mine, as also over the Laurentian Shield 
where the mines are that were studied by Cleland, the topography is relatively flat, so 
that this last factor will not be so important as it was in the discussion between Knopf 
and Johnson.*° The question as to whether the present surface or the bedrock 
surface should be taken as the zero point of depth is, however, somewhat more 
important and probably makes extreme accuracy in computation without considering 
it impossible. It may make an uncertainty of up to 100 ft. in locating the zero 
point from which depths should be measured. 


> 
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*° Knopf and Johnson: Geothermal Gradient of the Mother Lode, California. 
Jnl. Wash. Acad. Sci. (1982) 22, 389. 
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DISCUSSION - 


IT would call attention also to one source of inaccuracy in my earlier work. I com- 
bined records of temperatures for various mines, and this, as Professor Knopf has 


e mines were nearly the same in the upper 200 ft. and the rocks below so similar 
There was this advantage, that we did not 


_ worth considering in an old and deep mine. The evaporation in the mine abstracts 


heat if the air is dry going in and wet going out and the increase of humidity, on which 
they give figures, measures this. It varies with the seasons and, if compressed air 
is used, even with shorter changes in weather. As the Michigan and Canadian mine 
shafts are practically all up-cast and the air coming out laden with moisture, the air 
percolating down, as its temperature rises, picks up more moisture and reduces the 
temperature. When the air goes up the shaft it warms the rock around and as the 
hot vapor is condensed it warms the rock still more. The effects were seen in 
the early Agassiz measurements. Air circulating freely downward heats by the 
compression of the greater weight of the atmosphere above about 1° F. for 182 feet. 
On the other hand, as I saw in the Victoria mine, compressed air cools when it is 
allowed to expand at the bottom of the mine. An interesting point in the Copper 
Country which might not occur elsewhere (which McElroy emphasizes on p. 21) is 


the dryness of the air in the No. 12 Hecla due to the calcium chloride in the mine 


water, which tends to act as a drying agent and prevents the air from containing 

as much moisture as otherwise it would. The hydration of calcium chloride is 

a strongly endomorphic reaction, which may explain a continuous tendency to lower 

temperatures, which Ingersoll noticed. The formation of chlorite may also be of 
- the same nature. 

Thus it is to be hoped that in further study of the question, the factors I have 
mentioned will be considered and also the curve of secular surface temperatures, which 
is to be used as most satisfactory to explain the temperatures going down, care- 
fully studied. 

The best judgment of those studying postglacial history by pollen and forests is 
that immediately postglacial time was warmer than at present; that it took more heat 
to melt off the ice than to keep it off when melted. This seems reasonable and, as 
Hotchkiss and Ingersoll point out, curves D and E (p. 120) agree. It will probably be 
well to get, from such studies as those presented by E. Antevs at the International 
Geological Congress in July, 1933, a curve of climates and convert it into a set of 
sine curves, which will be flatter and later as the depth grows greater. A variation 
in diffusivity (and Ingersoll has a better one than I had) would change the depth in 
proportion if the time is unchanged. On the other hand, if the time and the period 
of the surface-temperature fluctuations are changed in the same ratios and the distance 
changed in the square of that ratio, the ratio of the temperature to depth would be 
the same. It would thus be possible to make a small-scale model and vary its surface 


- temperature and study the effects. 


It would be interesting if Van Orstrand would prepare a map of the United 
States from his data, showing the difference between the present soil tempera- 
ture and that which would be inferred from the temperature at the bottom of the wells 
and the rate of decrease toward the surface for the first few hundred feet. Obviously, 
moreover, the depth to which postglacial change of surface temperature will have 
appreciably penetrated will decrease as we approach the centers of glaciation, and 
the amount of this postglacial change may not be as great. It is hardly apparent in 
Cleland’s figures. But there does seem, as above mentioned (Fig. 5), to be a minimum 


31 Reference of footnote 30. 
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rock temperature some 300 or 400 ft. down which suggests tha anada q 
has become warmer, as H. H. Clayton tells meisthecase. = 
This factor of temperature should be eliminated before we can carefully 
effect of other factors, for this is by no means the only factor. There is the e 
of compaction and the diffusivity of the rock, for which we must allow as wel 
others mentioned in the Bulletin of the American Association of Petroleum Geologi: 
by recent writers.32 Yet long time changes of surface temperature are not necessar 
due to the ice age. If, for instance, the land was covered with water recentl; 
if wells were bored in the bottom of former extensions of the Great Salt Lake, or 
Great Lakes, an effect should be observed. or 
The effect of compaction just mentioned will on the whole be the reverse of the | 
effect of a surface rise of temperature. Like radioactivity, it will tend to produce a © 
lower rate of increase with depth and a larger number of feet per degree rise, as shown 
in the depth-temperature curve in the Dubbeldevler bore hole.** Consider what the 
effect of varying diffusivity is. If we have a constant temperature in both sides of a © 
sheet and different layers of differing diffusivity, the gradient will be least in the 
most diffusive material and greatest in the © 
S least diffusive material. That is, if we have 


(Fig. 6) a blanket of wool of low ST diffusivity 
on top of a sheet of iron JU of high diffusivity, the 
two sides of the iron will be more nearly at the same 


“ 
\ temperature than the two sides of the blanket. This — ‘ 
‘ is common sense. ~ a 
: On the whole, it seems likely that if there is no __ 
convective circulation of water, the upper strata will _ 
- Soeur ac, een aoe be less diffusive than the more solid compacted lower. 
“CONSTANT STATE” oF HEAT beds. That would tend to make the rate of increase 
FLOW, AT S AND U THE TEM- of temperature more rapid in them than in the lower 
PERATURES NOT CHANGING, beds, especially if the pores of the beds are filled with 
aye “ST) ron oes air, which is notoriously a very good nonconductor. 
pirrusive (7'U), Tar rut If they are full of water, so long as the pores are fine 
LINE; OR WITH THE LAYER S7'’ enough to check effective circulation, water has a 
SCR eas feu ee eT Wen high specific heat, and that again retards the diffusion. 
PRIGTIGATIN WO HOWPEROM ETO fact, therefore, that we do not commonly find a 
CONVECTIVE (?)'LAYER BELOW greater increase of temperature near the surface but 
(BROKEN LINE). the reverse points to a change of temperature at the 
surface as being an important factor, though convec- 
tion by circulating air (ventilation) or water will have the same effect. . 


RADIOACTIVITY 


We now know that all rocks are more or less radioactive; in particular, granite, 
deep-seated oceanic sediments and black shales are relatively radioactive. Suppose 
that in an infinite sheet (Fig. 6) while the temperatures at S and U are fixed the bed 
ST is itself generating heat. Obviously the fall will not be so great and the tempera- 
ture difference between U and T not so low and the temperature of 7 greater if it 
is not fixed. In other words, the effect on geotherms of generation of radioactivity 
is to a first approximation equivalent to making the beds STU more diffusive at the 
bottom and less so at the top.*4 The result will be that we may have slow increase 
of heat; i.e., low geothermal gradients in granites. But if we assume that there is a 


*2 For compaction see D. H. Barton: Bull. Amer. Assn. Petr. Geol. (1933) 1052. 
°° Trans. Geol. Soc. South Africa (1923) 54, Fig. 1. 
*4 This is shown in Van Orstrand’s papers. 


ete 2 TEPETED BABU CURSION 


See | 
constant temperature at the top and bottom of a section, the lower part of which is 
granite, the greater the amount of granite and the nearer the surface, the more rapid 


_ the increase of temperature above it. If we have a thick sheet of iron with a thin 


blanket above it and a thin sheet of iron with several blankets above it, the two 
upper temperatures being the same and the bottom temperature at the boiling point, 
the thicker the iron, the slower will be the rate of increase in it and the greater the 
rate of increase in the beds above. This is what Van Orstrand (p. 280) pointed out 
and seems to be found over the domes and ridges of granite. 

In granite and in places from which the heat has been exhausted from below, and 
where there has been a depression of beds and no igneous injections for a long time, 
as perhaps in the Keweenawan rocks of Michigan and the Laurentian sheets of 
Canada, we have low gradients. Holmes has suggested that there is a certain amount 
of convective current in the layer below the isostatic layer. If there are as reported — 
by seismologists sharp breaks in the composition of the earth which can reflect earth- 
quake waves, there can be no convection except between breaks. Then there may be 
a factor affecting geothermal gradients in a varying thickness down to a layer of which 
the temperature is practically constant, owing either to crystallization or to convective 
circulation. This is the factor to which Cleland appeals. 

This may be one way of distinguishing between the Airy and the Pratt theories 
of isostasy. If granite upbulges are balanced by granite downward depressions, 
the resultant gradient must be very low unless the material making the bulge is 
heated by an extra amount of radioactivity, which is likely in granites, or in the 
process of bulging by intrusions of magma or magmatic waters or mashing which 
increases with depth. 

Recent work by Paneth and Urry has given us a very fair idea of the radioactivity 
of the rocks of the Calumet-Hecla mine. Preliminary reports are in the mimeo- 

graphed report to the Division of Geology and Geography of the National Research 
Council for 1931-32,*5 but the work is not finished. That will give us a good oppor- 
tunity to allow for the radioactivity contribution to the geothermal gradient in the 
Copper Country, and for the first time have the necessary data in the same district. 

Looking at Van Orstrand’s figures,** we see that after a million years the tempera- 
ture gradients do not vary much; i.e., there is nearly a steady flow of heat. Therefore, 
inasmuch as the Michigan and Canadian mines in question, so far as we know, have 
not been disturbed since Paleozoic time, no great error is involved in assuming stable 
conditions and steady flow. This is confirmed by Urry’s observations. In that case 
the problem of the effect of radioactivity, which has been discussed by Van Orstrand*? 
and Ingersoll and Zobel** can be handled rather simply (lig. 6). 

Let u be the temperature, y the distance from the surface, and ¢ the time. The 


change in temperature in time a becomes 0, but this (compare Ingersoll and Zobel, 


eq. 65) is equal to 


d?u du _ 
Kay + Rdy = +7,= 0 [1] 


where R is the quantity of heat (in calories) generated per cubic centimeter of the rock 


35 Also in Proc. Amer. Acad. Arts and Sci. (1933) 68, 139. 

36 Figs. 1 and 2, Jnl. Wash. Acad. Sei. (1932) 22, 534, 535. 

37 Reference of footnote 16. 

38 An Introduction to the Mathematical Theory of Heat Conduction, 92-93, 


New York, 1913. Ginn & Co. 
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If, when y = d, ae 
would be no flow from within. In that case 


du on aa pees 
K( ? ie a = mee 
(Compare Ingersoll and Zobel eq. 67.) That is, in a steady condition, the © 
generation of radioactive heat would be given ee the diffusivity multiplied | y 
gradient at the surface. 


If there is a generation of heat between S and T (Fig. 6), 7 would be aoe than — 
it would be otherwise, and (as Van Orstrand’s figures illustrate) for a limited time 


the generation of heat might be so great that at 7 when y = d the gradient a mi 
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be negative and heat flow down. But this would not be a steady state. 
Integrating equation 1 twice from y = 0 to y = y, we have: 


_ Ry)? a) 
Ku = a + Ky (= , + Constant 


where (5%), is the geothermal gradient near the surface. The constant when y = 


is Ku, and is therefore = (Ku)p. 
Equation 4 is of a parabola such that if we take the vertical axis so that wu = 0 
if y = 0, the parabola will cut that axis twice, once at (0,0) and the second time at — 


2 e/a : é ‘ a) Seay 
pe (5) 3 which becomes, if equation 2 holds, 2d, but which is generally greater. 


The parabola is symmetrical to a horizontal axis through var) ; 


We may write equation 4 as follows (after finding the value of the constant by 
letting y = 0): 


(u — Uo) = (= o),- ty | [5] 4 


We see that if there is no R, no radioactivity, the equation 5 reduces to the linear ‘ 
form—that the increase of temperature is proportional to the rate of increase and the . 
depth. Also, the more the contribution of heat by radioactivity, the lower will be 


*° Ingersoll and Zobel call it h?, Van Orstrand a?, and Iuse y instead of ztoempha- __ 
size that it is an up and down obordink tes = 


d and in equation 2 


se, of course, in steady flow, as appears from equation 2, 


: du : z 
K(S) = Ra sight (7] 


h is the total amount of heat generated by radioactivity in the layer per unit 


see from equation 5 that if we know the gradient at the surface, the surface 
rature (having eliminated the effect of short-time temperature fluctuations), 
diffusivity, and the rate of radioactive production of heat (quantities that at 
umet are respectively: 1.89(10)~4, 6 C.; 7.5(10)~%; and 2.07(10)-"), we may from 
the equation 5 have a formula to connect the thickness and the temperature at the 
bottom of the layer which has steady flow, and not variable diffusivity and generation 
of radioactivity. (O55 : 
At no depth, with the Calumet data, would there be no flow from the interior. 


_. P. Weaver,* Houston, Tex.—I am interested in what Professor Lane said about 

the blanketing effect of snow. I had occasion to notice that phenomenon in Siberia, 

where we discovered that the rock temperature at comparatively shallow depths, 
about 4 meters, sometimes did not get down as low as freezing. - So, it would seem 
that this blanketing effect may require us to start our calculations of the geothermal 
gradient above the mean air temperature. 


L. Gicurist,{ Toronto, Ont.—I am interested in rock temperatures above 
freezing, because I have found them myself in northern latitudes where the mean 
air temperature was well below freezing. 


* Geologist, Gulf Production Co. 
+ Professor of Physics, University of Toronto. 


Geophysics in the Nonmetallic Field | 


By C. A. Heranp,* Goipen, Coo. 
(New York Meeting, February, 1934) 


Tue following summary is written for the benefit of the practical 
operator in the nonmetallic field who wishes to know what geophysics os 
has done and may be expected to do in his line of work. His problem i ia = 
quite different from that of the geophysicist who has operated with — 
various or all methods and has followed the literature, and who is assumed 
to be familiar with the geologic possibilities and limitations of each — 
method. This article is not written for the latter, although he may be 
interested in the four or five hitherto unpublished surveys described. 

To the operator, on the other hand, geophysics is only secondary. 
His problem is to determine which geophysical method is best suited to — 
his special needs. If he wanted to know, however, which method could 
be used to locate a certain material of given physical properties, building 
stone, for instance, he would have to wade through a tremendous amount 
of geophysical literature, bibliographies and articles, before he could find 
what he wanted. 

Therefore, the purpose of this summary is to present the geological 
problems first and then to discuss the comparative merits of the geo- 
physical methods that can be, or have been, applied. 


Are 


Cuoicre oF GropuysicAL Mrrnops In O1n, Crvin anp MINING 
ENGINEERING 


In the first two of these fields, the geological problems are not nearly 
so complex as in the metal and nonmetallic mining fields. The selection 
of the correct geophysical method in these fields is not nearly so difficult 
for the operator. For oil prospecting, his problems have been discussed 
exhaustively by E. DeGolyer.“’{ In civil engineering (foundation and 
ground-water work), the usefulness of electrical methods has been so 
well established that there is hardly any choice of other methods at 
present. The situation may be changed in the future with the perfec- 
tion of the seismic reflection method for shallow depths. 

In the mining field the operator and often the geophysicist himself 
finds difficulty in determining which method is best suited for a given 


* Numerals in brackets refer to the bibliography at the end of the paper. 
{ Department of Geophysics, Colorado School of Mines. 
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S mineral or a given geologic situation. The great variety of minerals 
and the complexity of their geologic occurrence makes it difficult to lay 
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down any hard and fast rules. Nevertheless, there are a number of 


outstanding publications discussing the results obtained with all available 


methods for certain types of mineral deposits; for instance, the book by 


; Edge and Laby, and the two memoirs by Sifieriz.“¢ 


Facrors AFFECTING CHOICE oF GEOPHYSICAL METHODS IN PROSPECTING 
ror NONMETALLIC DEPosITS 


Before going into details regarding the application of geophysics to 
the location of various nonmetallic products, the general factors affecting 
their choice from the operator’s point of view must be considered. These 
factors are tabulated below, and are essentially the same as in other fields 
of application of geophysics,‘” except, perhaps, that in view of the special 
conditions existing in the nonmetallic field their order of importance is 
somewhat different, as follows: 

1. Type of mineral, rock and geology involved. 

2. Reliability of results, on the basis of: 

a. Inherent accuracy of method. 
b. Surface or subsurface interferences. 
c. Detail of survey. 

3. Cost in relation to competitive (including geological and drill- 
ing) methods. 

4. Time in relation to competitive activities. 

5. Other incidental factors. 

1. The type of mineral, rock and geology involved determines the 
difference in physical properties, dimensions and depths of the sought 
deposits and governs, therefore, in first consideration, the type of 
method to be selected. For instance, if a gravel deposit is to be located, 
which is known to differ materially from the surrounding strata in density, 
electric conductivity and elastic-wave speed, the gravitational, electric 
and seismic methods must be given first consideration, and the magnetic 
method would, in the absence of magnetic minerals in the deposits, be 
ruled out. 

2. The reliability of the data obtained depends on both the accuracy 
of instruments and methods, and the possibilities of interpretation 
methods. In particular, the inherent accuracy of a method is important 
in the choice; that is, the accuracy and ease with which a method can 
furnish the quantity most useful in practice; namely, the depth. There- 
fore, it may be said, as a general rule for the application of geophysics 
in the nonmetallic field, that the geophysical methods that make possible 
control of the depth of penetration—that is, the electrical and the seismic 
methods—are generally to be preferred over others that do not possess 
this advantage, such as the gravitational, magnetic, and radioactive 


methods. If, in apie of Be ees ss of piopaliod on given a n 


Foriontly considered. Surface BE i are har pages 
broadest sense; they include not only the physical constitution of 
surface, such as firmness for instrument set-up, accessibility and eas 
transportation, but also the interference produced by topography 
surface soil conditions upon geophysical methods. Certain elect 
methods are seriously affected by topography and the conductivity of 
surface soil; in seismic work, the transmission characteristics of the surface 
beds determine the ease with which records may be obtained. Last but — 
| not least, the subsurface section must be considered and an inquiry must 
be made if formations are present that may overshadow the effects — 
sought. The choice of methods depends on whether a reconnaissance ora 
detailed survey is desired. Frequently it is advisable to select a cheaper 
and more rapid method first for general reconnaissance—for the approxi- __ 
mate delineation of the deposit—and to follow this up with a slower and 
more expensive method to give details regarding depth and dimensions. 
The selection depends, moreover, on the geologic inforamtion already _ 
available. Where nothing is known about the geology, a reconnaissance _ 
method may give valuable information and save time for concentrating 
a subsequent detail survey on the important points. Where the geology 
is well known, a reconnaissance survey may be of no value whatever. 
3. The consideration of the cost of the survey is an important item in 
the nonmetallic field. In many instances, the deposits sought occur — 
close to the surface and the operator must decide whether it is cheaper to — j 
obtain the information by geological mapping or drilling or by a geo- 
physical survey. This is an important consideration, especially in search 
for road material. 
4. The time element is generally much more important in geophysical 
oil and ore prospecting than it is expected to be in the nonmetallic field. 
However, conditions may arise where a less accurate and faster recon- 
naissance method may be selected to establish leasehold in competition 
with other operators. 
5. Other incidental factors, which may influence the choice of the 
method, are: whether apparatus or consulting services for a particular 
method are available; whether permission to enter properties may be 


obtained; whether the damages would be excessive, whether dynamite 
can be used. 


Direct AND INpIREcT Use or GropHysicaL MrtrHops 


Fortunately, geophysical methods often have a much greater range of 
application than would be suspected on the basis of the physical proper- 
ties of the deposits to be located. This is dué to the fact that the latter 
often are associated with minerals, formations, or geologic structures that 
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“Ee 7e much more distinct indications than the deposit itself. The first 
possibility, where a deposit affects the physical data by virtue of the 
__ physical properties of the sought mineral, may be called a direct applica- 
; tion of geophysics. Where, however, the location of a deposit is based 
__ on the physical properties of’a mineral associated with the sought mineral, 
_ or the general geologic conditions that characterize the occurrence of the 
deposit, the application is called indirect. Although this situation opens 
up a much greater field for geophysics, its drawbacks for the interpreta- 
tion of the results should not be overlooked, as illustrated by two examples 
_ from the application of geophysics in metal mining. If the magnetic 
method is applied in the location of a magnetite deposit, it is rather cer- 
tain that this mineral exists where pronounced magnetic anomalies are 
found. However, if a placer gold deposit contains magnetite, and mag- 
netic anomalies have been found to correspond to the gold-bearing chan- 
j nels, the magnetic method may be used only with certain caution for the 
-__ Joeation of gold on virgin ground. In the same placer, magnetic anoma- 
lies may or may not correspond to gold concentrations; on another river 
bed the magnetic anomalies may mean magnetite only; not gold. There- 
: fore, the usefulness of an indirect application of geophysics is very much 
a matter of the geologic conditions involved in each particular case. 


ea Division or NoNMETALLIC FIELD 


a For the purpose of discussing the applications of geophysics in the 
. nonmetallic field, the latter will have to be divided in a manner somewhat 
different from the classification usually made from the point of view of 
economic geology. First, the branches of petroleum, natural gas, asphalt 
and related bitumina will be excluded, because the applications of geo- 
physics in this field are well known and amply covered in the literature. 
The remainder will be classed under nine headings as follows: (1) coal, 
(2) sulfur, (3) salt, (4) nitrates, phosphates, potash, (5) building and road 
materials, (6) ground water, (7) abrasives, (8) materials of various 
. industrial uses, (9) gems and precious stones. 
a Under each of these headings, direct and indirect uses of geophysics 
will be discussed; examples known from the literature will be described 
as briefly as possible, and recommendations regarding the most advan- 
tageous method will be added. 


Coat—ANTHRACITE, Brruminous, Licnire (BRowN Coat) 


The application of geophysics in locating anthracite will be discussed 
first, as it offers the possibility of direct application, while virtually all 
other types of coal (with the possible exception of lignite) have been 
found to be amenable only to indirect prospecting. 

The direct effect of anthracite, upon both self-potential measurements 
and potential or other methods, was discussed to some extent at the 
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coals are conductive while some are oxidizing; on the other hanc 
ing to Leonardon,” the Schlumbergers have observed, in their poter 
studies, varieties of coal that acted as insulators.“ Kelly,® in 
measurements at Wilkes-Barre, found that anthracite seams produc 
effect on the self-potential method, but Koenigsberger® observed ‘ 
unusually high resistivity of the coals in the Waldenburg district in 
Lower Silesia due to their high carbon dioxide content, which is assumed ‘ 
to have forced the electrolytic water out of the pores. Itis not improb- — 
able, therefore, that the variation of occluded gases explain the great 
variations in the resistivity of coal that are observed. As a whole, — 
therefore, direct prospecting for anthracite, and other types of coal, 
cannot be recommended; this is well expressed by Lundberg,“® who — 
states that thus far most electrical work in coal has failed. 

Only indirect applications of geophysical prospecting have been put 
to some use in coal work; i.e., stratigraphic and structural investigations. 
In the order of practicability, the various methods that are applicable for 
detail work in coal districts may be ranked as follows: (1) electrical 
(potential or resistivity); (2) seismic; (3) torsion balance. For general 
reconnaissance, the magnetic method may be applicable, provided the 
‘uplift or general occurrence of carboniferous strata is related to the 
structure of (uniformly magnetized) basement rocks. Occasionally, 
pendulum observations have been applied in reconnaissance surveying 
for Paleozoic beds, such as were conducted a number of years ago in 
northern Germany under the auspices of the Stinnes concern.“ The 
results obtained by electrical, seismic, torsion balance and magnetic 
surveys will be discussed briefly. 

The most extensive experience in structural and stratigraphic coal 
studies has probably been accumulated by the Schlumberger company, 
which has published part of its results.“ The method used in this type — 
of work usually is the resistivity method, vertical electrical drilling at a 
number of points, and resistivity mapping with constant depth of pene- 
tration. A good example of this type of work has been published by 
Sifieriz‘? who directed not only electrical but also torsion balance, mag- 
netic and seismic prospecting work in the Carboniferous syncline of 
Villanueva de Minas and Villanueva del Rio, on the Guadalquivir River 
in Spain. The equiresistivity map published by Sifieriz shows a rise of 
the Carboniferous trough to the north, and is in good agreement with the 
information derived from torsion balance and seismic investigations. 
The Carboniferous sediments and Cambrian rocks below them were 
found to have a higher resistivity than the sediments of the Miocene 
cover. Considerable work was done, also by the Schlumberger company, 
in the Saar coal basin.“ 
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Next to the electrical method, the seismic method can render valuable 


service in the determination of the structure of carboniferous areas. 


Thus far, only refraction shooting has been applied, but there is no reason 


2 why reflection shooting could not obtain the same results with greater 
ease and economy of operation, provided the structural conditions are 


not too complicated. Sifieriz“ has used refraction work in Spain exten- 
sively and published travel-time curves and depth determinations. 
He obtained velocities for the Tertiary, Carboniferous and Cambrian 
which are almost identical with those observed for the same formations 
by Barsch and Reich” at Dobrilugk in the Silesia coal basin. The 


same authors‘) then investigated other areas in the North German 


plain, where favorable indications for the occurrence of carboniferous 
strata are obtained by pendulum and torsion balance observations, in 
an effort to establish definitely the existence of carboniferous strata by 
seismic velocity correlations. 

The Seismic Company, under the direction of L. Mintrop, conducted 
a number of surveys for the purpose of determining the structure of 
ecarboniferous areas. The majority of the results have not been pub- 
lished. Only Neville“ gives an example of the location of faults in 
Carboniferous limestones, covered by Tertiary strata, together with the 
corresponding travel-time curves. An article by Shaw‘! deals with a 


- similar problem, the location of a fault in Carboniferous limestone, 


flanked by clays and sandstones on the downthrow side. 

Where conditions were favorable, structural conditions in carbonifer- 
ous areas have been investigated frequently by means of the torsion bal- 
ance. This involves chiefly the location of faults, a problem that has 
been discussed in its general aspects, with reference to the Westphalian 
Carboniferous, by Quiring.“® A number of other authors have applied 
the torsion balance to the location of faults and structure in carboniferous 
areas, such as Matsuyama in the Fushun Colliery,?? Schumann and 
Petraschek in Austria,“ Numerov in the Donetz coal basin, Sifieriz“ at 
Villanueva de Minas in Spain, and Barsch®® in the coal-mining district 
near Dorsten in Westphalia. Actually, the number of surveys made in 
coal-bearing areas with the torsion balance by consulting geophysical 
companies is probably much greater than would seem to be the case from 
the few articles published. 

The value of magnetic measurements for the location of coal-bearing 
structures is still a matter of controversy. It is an example of how much 
confusion can be created when the results obtained in one locality are 
generalized and followed by others asa dogma. Reich,‘ who made the 
first magnetic measurements in the Aaachen and Erkelenz carboniferous 
district and extended his discussion to the magnetic conditions in Bel- 
gium, found that in these areas the carboniferous regions are character- 
ized by magnetic mimima. His disciples, for instance, A. Kaiser?” and 


Ganbealtcunes negative anomalies in many gies did sob re 
the probable significance of Reich’s original observation that magr 
minima were observed in depressions of the magnetic basement rocks 
could not possibly be expected in regions where the Carboniferous, and 
with it the magnetic basement, were uplifted. Instead, they attempted — 
to explain their findings by an excessively magnetic basement, which ws _ 
supposed to overshadow the negative effect of the Carboniferous sedi-_ ; 
ments. Although we advocate the simpler interpretation given above, 
it does not mean that this interpretation holds for all magnetic anomalies . ; 
in Carboniferous areas, as the composition of the basement rocks is apt 
to vary from one locality to another. This seems to be evidenced by ~ 
Sifieriz’ observation at Villanueva de Minas and Villanueva del Rio of 
a magnetic picture quite different from the comparative simple structure 
given by the resistivity and torsion balance measurements. In spite of — 
being deposited in a syncline, the carboniferous sediments appeared to 
show, at a number of localities, maxima instead of minima, which conflicts _ 
with the idea of diamagnetic carboniferous and depressed magnetic base- _ 
ment rocks. The general picture is not such as to make it probable that 
the carboniferous sediments were paramagnetic; on the contrary, taking 
into account the existence of intrusions in the vicinity of the area investi- 
gated, it seems likely that the magnetic highs above the carboniferous 
syncline may be due to similar intrusions into the basement rocks. 
Taken as a whole, much caution is necessary in using magnetic measure- __ 
ments, even as a reconnaissance method, for structural work in carbonifer- 
ous areas, ; 
A good deal of geophysical work has been done, with various methods, 
on lignite deposits. From the published accounts of such work, it appears 
that it is impossible to lay down a general rule as to whether or not lignite 
can be found directly. In the order of practicability, electrical resistivity 
methods, seismic and torsion balance observations are applicable. As far 
as the electrical method is concerned, the results seem to depend largely 
on the local stratigraphy and the water content of the lignite. W. 
Stern?» has investigated this problem thoroughly and has encountered 
both types of response. In the first area at Ville in Germany, character- 
istic resistivity-depth curves were obtained, with the apparent resistivity 
increasing to the top of the lignite deposit and thence declining gradually. 
In this area, the peak of the curve corresponded (fortunately?) in every 
case to the top of the lignite; the type curve is similar to the three-layer 
curve and suggests an involvement of the ground water. This appears 
to be confirmed by the fact that in the second area (Niederlausitz) investi- 
gated by Stern, a relation of apparent resistivity and depth of the lignite 
could hardly be obtained, which, as the author states, is due to the fact 
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that the covering beds (gravel and sands) were abundant in water. 
— Gilchrist? and Hawkins®@®» have studied lignite deposits in Ontario, and 
the latter reports®® that the results have generally been rather unsatis- 
factory; this, in the opinion of Lundberg,?® might have been remedied 
_by-an application of different methods. Theoretically, it would seem 
_ possible to use the seismic method for the direct location of lignite depos- 
its; however, to the knowledge of the writer, such observations have not 
been published. There are two references in the literature describing 
torsion balance observations on lignite deposits. However, conditions 
are not favorable for this type of geophysical work, as the balance does 
not react to horizontal boundaries and can detect only the place where 
the deposit is cut off. In the Halle brown coal area, in Germany, the 
situation is somewhat more favorable because the pressure of the glaciers 
has warped and twisted the lignite deposits; Schweydar®” gives a number 
of examples of the results obtained in the area. Edge and Laby‘® 
investigated a brown coal deposit at Gelliondale in Victoria with the 
torsion balance and claim to have been able to pick up the lignite; how- 
ever, the end of the deposit is cut off near a point where the older sedi- 
ments rise, and it would seem doubtful whether the lignite would have 
been recognized in the measurements if nothing about its existence had 
F been known beforehand. - 
Generally speaking, therefore, conditions would seem more favorable 
for the application of geophysics to the location of lignite if it can be done 
on a structural or stratigraphic basis. In this respect, electrical measure- 
ments would probably rank first, then seismic, and next torsion balance 
surveys. As far as electrical measurements are concerned, the survey 
made by Schlumberger! on the lignite deposits in the department of 
3 Landes, France, has probably been the most successful. In this area, 
the lignite occurs interbedded between conductive clays on top and more 
resistant sands below; thus, resistivity mapping reveals the areas where 
lignite existed, and where it was washed out, together with the covering 
clays, and was replaced by sand. Seismic structural investigations 
in search for lignite deposits have probably been made by some of the 
commercial geophysical companies, but nothing has been published about 
the results. Torsion balance surveys in search of faults delimiting lignite 
deposits have been described; for instance, by Schumann in Austria 
and Seblatnigg” in Germany. The survey near Gelliondale, made by 
Edge and Laby and referred to above, may also be classed under this 
heading. Incidentally, magnetic measurements were also made on this 
locality, but the report is somewhat conflicting in regard to the inter- 
pretation of the results obtained. In some areas, lignite is found in the 
vicinity of basalt, and in that case magnetic measurements may be of 
assistance if caution is exercised in the interpretation of the results.‘*? 
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SULFUR 


In some texts and statistics on nonmetallic deposits, pyrite is el: aS 
as a nonmetallic because it is a sulfur mineral. However, the geophy 
location of pyrite is a problem so different from those involved in the 
location of nonmetallics proper that it will not be considered here. _ 

Geophysics has been applied on a fairly large scale to the indirect 
_ location of one type of sulfur deposit; that is, the sulfur found in the cap — 
rocks of salt domes on the Gulf Coast. All methods that have been used 
for the location of salt domes are applicable to this problem, acioiatty aan 
torsion balance and seismograph.*:34) More than 100 salt domes have ~ : 
been found geophysically on the Gulf Coast, but of those drilled only two 
have thus far produced sulfur in commercial quantities. The firstis the 
Long Point dome in Fort Bend County, Texas, which was discovered by ~ 
the torsion balance in 1924 and upon which sulfur production was started 
by the Texas Gulf Sulphur Co. The second is the Grande Ecaille salt 
dome in Plaquemines Parish, Louisiana, on which a torsion balance survey __ 
was made in conjunction with prospect drilling, by the Freeport Sulphur __ 
Co. Although this record is modest enough, it must be assumed that 
the sulfur industry has gained considerably from the application of 
geophysics in the detailing of the cap rocks of known salt domes. The ! 
seismic methods suggested by McCollum and La Rue» for the utilization | 
of wells for detailing cap rock and overhang of salt domes have proved __ 
particularly suitable for this work. Eby®® has tabulated the sulfur 
valuation of salt domes, for the period from 1920 to 1931, against costs of 
geophysical work. 


SALT 


Salt is obtained commercially from two sources: from salt brines and 
from salt beds or salt domes. Geologically and, therefore, geophysically, 
these possibilities represent three different geophysical problems, although 
the latter two involve similar requirements. Much literature dealing 
with the location of salt domes involved their commercial significance 
as source bed for potash, which is treated separately in this discussion. 

The literature on the location of salt brines by geophysical methods 
is exceedingly meager and deals virtually with the location of brines in 
salt mines alone, such as the early publications by Ambronn? and 
Koenigsberger.“ The only methods that would seem applicable to the 
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+ di rect location of brines are electrical resistivity or inductive methods. It 
is reported that such work is going on for this purpose at the present time. 


As far as salt beds and salt domes are concerned, the choice of geo- 


_ physical methods is somewhat different. Ample experience has been | 


obtained with geophysical methods in the location of salt domes in the 


ig Gulf Coast, Mexico, Rumania, Germany and Russia, which establishes 


fairly well that the order of choice is about as follows: Seismic and torsion 
balance with about equal merit, then electrical resistivity and electrical 
inductive, and pendulum and magnetic at the end of the list. For depth 
determinations on salt beds, however, the torsion balance loses first 
place in favor of seismic or resistivity work. 

Although a tremendous amount of information was accumulated 
by commercial companies in the heyday of the seismic refraction method 
on the Gulf Coast, the literature contains only a very small fraction of it. 
Travel-time curves obtained with the seismic method on salt domes have 
been published by Barton,“4) Ambronn,“ Rankine,“ and Rosaire.“” 
A good correlation of seismic, torsion balance, and pendulum results has 
been given by Schmidt‘? for the salt domes near Celle, Germany. 
Sifieriz“ has published a monumental work in the last year, giving 
detailed travel-time curves and corresponding geologic sections for several 
potash-bearing salt-bed regions in Spain. Sokolov‘ has investigated 


the salt plugs at Kazakstan, in Russia, and gives a number of travel- 


time curves. 

The literature on torsion balance results obtained on salt domes and 
salt beds is somewhat more abundant, yet none too much, considering 
the amount of commercial data that has been accumulated. Seblat- 
nigg‘* and Schuh have published a complete map of the torsion balance 
data obtained for the salt dome of Luebtheen in Mecklenburg, Germany, 
and correlated these data with the magnetic and seismic data obtained 
on the same dome. ‘Torsion balance results obtained on a number of 
other domes in Germany are contained in the prospectus of the ‘‘ Explora- 
tion” Company. Barton‘ gives the torsion balance data obtained on 
the Nash and Hoskins mound and Esperson salt domes,‘ Logan‘4® 
those for the Blue Ridge salt dome. Numerov‘” has investigated the 
salt and potash deposits at Solikamsk in the North Ural districts and 
claims to have been able to predict the depth to the salt beds within 
10 per cent. 

Electrical Shek have frequently been used for the location of salt 
beds and salt domes. Two methods are available for this purpose. The 
first is more of an indirect nature, determining the depth of salt-water 
beds around the dome; thus, the dome shows up as a “hole” in the elec- 
trical indication. Zuschlag“®) gives an example. The second is the 
electrical resistivity method, which has been used primarily by the 
Schlumberger company in their salt-dome investigations. Probably 


the best known nesiti of their mae are ie: ra sti 
resistivity maps, obtained on salt domes in Alsace. a 


the saltl Details of this work are -anadlatleyt in pactlaiat for the B 
schlag salt dome; Poldini®™ gives resistivity depth curves, Geoffro: 
torsion balance and magnetic data. In addition to these salt domes, 
; Schlumbergers have tested domes on the Gulf Coast, in Rumani; 

P Jugoslavia. Recently, Kelly“ has applied a new development 
electrical prospecting, the Zuschlag Ground Comparator, in work for the 
Solvay company near Syracuse, where salt beds in a depth between 700, 
and 800 ft. were traced. 

The magnetic method has been used in Germany and Alsace on ‘ate 

domes, but as far as reliability is concerned is much inferior to the seismic, © 
torsion balance and resistivity methods. Mar; 


aie 


NirratTes, PHospHaTEs, PoTasH — y 


To the writer’s knowledge, there is nothing in the geophysical litera- 
ture concerning prospecting for either nitrates or phosphates. It is 
doubtful whether any commercial work has been done. This is largely __ 
due to the oversupply of these two products; Chile has a nitrate supply __ 
adequate to supply the world’s needs for generations, and the phosphate _ 
deposits in the western United States are so extensive that they can supply 
the world’s demand for centuries. Geologic conditions being suitable, it . 
would seem that either electrical or seismic methods would be best j 
adapted for prospecting for these minerals. 4 

In regard to potash, the situation is somewhat different, as the ¢ com- . 
mercially important potassium minerals occur with the salts; therefore 
the seismic, torsion balance and electrical methods, mentioned before for __ 
the location of salt, have found frequent application in the indirect 
location of potash deposits. In this connection, attention may again be 
directed to the extensive work done by Sifieriz\® on the potash deposits 
of Callus, Suria, Sallent, Bellmunt and Navarra, in Spain.. 

Recently, investigations have been made which seem to offer the 
possibility of locating potash salts directly underground. About. three 
years ago, it was discovered‘*” that potassium gives forth a penetrating 
gamma radiation, which induced Kohlhoerster®®» to carry on extensive 
experiments underground in the potash mines of Stassfurt, in Germany. 

He found that the older and younger salt group were distinctly different 
in their reactions, the older group giving the stronger radiation, being 
richer in potassium. Kohlhoerster investigated also a number of potas- 
sium salts, ranging from 9 to 50 per cent metallic potassium, and found 
their activity in each case proportional to the amount of potassium 
contained. This discovery may point a way, in the future, to scientific 
soil investigation by radioactive methods, in order to determine the 
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various types of soils, as the penetrating radiation should be 
1 to the potassium content of the soil. 


ed ‘hit BuItpING AND Roap MATERIALS 


=e In this branch of the nonmetallic field, geophysical methods promise to 
play a very important part in the location of road and ceramic building 
materials and the investigation of civil engineering problems. A distinct 
_ classification of these subjects being difficult to give, the cement materials 
will be discussed first followed by gravel, sand and clay, building and 
road stone; and, finally, the use of geophysics in excavation and founda- 
tion work. 


Cement Materials 


Although there are no descriptions as yet in the literature of geo- 
physical methods having been applied for the specific purpose of locating 


Ee obtained for different purposes and which point the way to the possi- 
* bilities in this respect. For instance, it is evident from a number of geo- 
z physical data that gypsum possesses outstanding physical characteristics, 
3 such as high speed of elastic waves and great resistivity, which would 
ee recommend the electrical and seismic methods as probably the most 

advantageous for the location of this material. The high speed of elastic 

waves in gypsum (and anhydrite) has been established by various authors 
in seismic observations; for instance, by Schweydar and Reich“® on the 
galt dome of Sperenberg, Germany, by R. Ambronn,”? by Sokolov,” 
and by the numerous, unpublished results of seismic prospecting for salt 
domes. Practically the same is assumed to hold for electrical methods, 
although the literature contains but few specific examples. Anhydrite 
excels by its specific gravity, as evidenced by its effect, combined with 
that of limestone, in the caps of salt domes upon the torsion balance,“ 
put it is doubtful whether torsion balance measurements will prove of 
practical value in the location of cement material. Gypsum and anhy- 
drite occasionally may produce pronounced negative magnetic anomalies, 
particularly if they are near the surface and contrasted by formations of 
- greater magnetic susceptibility, but it is doubtful whether this would 
make magnetic measurements practicable for this purpose, in view of the 
greater reliability offered by seismic and electric measurements. 

The physical properties of lime materials depend so much on their 
petrographic constitution and geologic occurrence that the choice of a 
geophysical method for their location is very much a matter of the indi- 
vidual case. However, as a general rule it may be said that probably 
electrical and seismic methods will prove to be more practical than others. 
As far as limestone in particular is concerned, experience with seismic and 
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cement material, many data are available, which were incidental to results _ 
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Hanneman,“*» and Shaw,‘ by Schiuptien ia Reichs (8) sah "by E 
kine® in regard to the effect of limestone on seismic travel time. 


resistivity ie eRoda) particularly those published for the May, Cee 
Toulouse and Sees syncline,“'” contain ample material for the electri 
effect of limestones as contrasted with sands, clays, marls, ete. Lik 
wise, Hubbert“*® found Devonian limestone of high resistivity under less 
‘resistant Mississippian shales, and Poldini®™ highly resistant Mississip- _ 
pian limestone under less resistant Pennsylvanian shales. z 

Often cement material is obtained from Cretaceous chalk deposits; 
if the problem arises to determine their extension under cover, or to locate _ 
new deposits in the vicinity, the electrical resistivity methods should Bi 
prove to be the most practical for such purpose. Next in order of prac- _ 
ticability would probably be the seismic method. Deposits of this type 7 
have also occasionally produced negative magnetic effects, particularly “ 
with overburden material of greater magnetic susceptibility.“ Thus, — i 
by a magnetic reconnaissance, the location of thinnest overburden could 
be determined, but it is doubtful whether the information obtained with 
the magnetic method would compare with that furnished by the resis- 
tivity method. 

In some cements, tuffs and bauxite are used. No information seems _ 
to be available in the literature regarding the electrical effect of tuffs, _ 
but it would appear on the face of it that electrical measurements would a 
be the most suitable. The application of geophysics to the location of 
bauxite is treated elsewhere in this paper. 


Gravel, Sand and Clay 


The recent geophysical literature contains a number of good examples 
for the location of these materials. The conductivity contrast of sand 
(or gravel) and clay makes the electrical resistivity methods particularly 
suitable; sand and gravel generally have a high electrical resistivity and 
clays have a low one. Second in the order of preference would probably 
be seismic methods, although they would be costlier and perhaps slower 
in the field application than electrical methods. Gravel deposits occur- 
ring as channel fills could be located by the torsion balance, but this 
method is too slow and costly; sometimes magnetic methods are applica- 
ble to the same problem (Figs. 4 and 5), if the bedrock is more magnetic 
than the channel material, and if the channel does not contain exten- 
sive concentrations of magnetite that would make the response curves 
too irregular. 
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| Highway departments and geological surveys of various states in the 
Union have begun to recognize the value of geophysical surveys for the 
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Fic. 1.—HorIZoNTAL AND VERTICAL RESISTIVITY PROFILES ON A GRAVEL PROSPECT 
in Minnesota. (Courtesy of Mr. Stanley W. Wilcoz.) 
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Fic. 2.—RESISTIVITY PROFILE AND SUBSURFACE SECTION ON A GRAVEL PROSPECT IN 
Minnesota. (Courtesy of Mr. Stanley W. Wilcoz.) 


Subsurface section below earth-resistivity step traverse is taken from an inde- 
pendent survey reconstructed from test-hole data. 


location of deposits of road material and bedrock depth determinations, 
in order to determine the amount of excavation or filling required for 


“highvayes railroads, bridges, — tu 
Conservation branch of the United States Ge 

States Bureau of Reclamation, the Geolo i 
State Highway Department of Minnesota, the Illinois Gee ogical Surv 
the Metropolitan Water District of Southern California, an | the J ep 
ment of Railways and Canals of Canada are among thos at h 
using or are using electrical resistivity methods as a part of their é 


survey program. 
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Fig. 3.—Two RESISTIVITY PROFILES, AT RIGHT ANGLES TO ONE ANOTHER, ABOVE 
A GRAVEL POCKET IN Minnesota. (Courtesy of Mr. Stanley W. Wilcox.) 
of examples (Figs. 1 to 3) of resistivity surveys for gravel, demonstrating 
without further explanation the value of electrical geophysical surveys for 
the location of road materials. The surveys shown in Figs.4 and 5 were 
not made to locate road material but to locate auriferous gravel channels 
in California, and are reproduced through the courtesy of Mr. Ellsworth 
of the Pacific Section of McBride, Inc. However, they demonstrate the 
possibilities of magnetic measurements in the location of gravel deposits. 

As stated above, the recent geophysical literature contains more 
examples of application of electrical methods to the location of sands 
gravel and clays. The report of the Missouri Geological Survey-6®) y. 
deals with electrical determinations of depth of overburden, and determi- _ 
nation of thickness of clay beds with resistivity methods. The Illinois 
Geological Survey has published® a number of results that clearly 
demonstrate the possibility of locating gravel deposits by resistivity 
peaks in glacial till. A recent circular of information of the Bureau of — 
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By & GRAVEL” CHANNEL IN THE Forest Hiwu Divivg, Piacer Co., Car. 
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Fic. 5.—FouRTH MAGNETIC PROFILE, MAP AND GEOLOGIC SECTION OF SAME LOCALITY. 
(Figs. 4 and 5 courtesy of Mr. E. W. Ellsworth.) 
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Mines,“®” deals likewise with the subject of geor physica 
gravel deposits. 
The location of gravel channels by other pepeieinnl meth 
as seismic and torsion balance, will be discussed later on under the. 
of civil engineering applications. , a ee 


Building and Road Stone eae he 

There are but few articles in the geophysical literature in geste. 
results of surveys for the location of building or road material is describe it 
however, the problem is of such nature that its possibilities may be reailily “7 
derived from the results of surveys that were conducted for different — 
purposes. As far as the order of choice of methods is concerned, electrical — 
resistivity methods would probably rank first, with magnetic second and — 2 
seismic third, or possibly second, depending on the physical properties 
of the stone. a 

With an increasing amount of experience in the apoleetinn and inter’ 
pretation of resistivity measurements, it has been possible for the Schlum- 
berger company, according to Kelly’s report,“ to correlate resistivity 
values with the degree of alteration of the material and absorption of 
moisture. The same company has recently carried out®® resistivity 
measurements in Algeria in search for plugs of ophite to be used for road 
material. The greater the electrical resistivity of a building material, 
the smaller is generally its degree of alteration and its moisture content. 
Clastic rocks also generally have a smaller resistivity than crystalline 
materials, making it possible to differentiate, for instance, between sand- 
stones and limestones by resistivity measurements. In this manner, the 
thickness of the sandstone cover above the limestone of the Mammoth 
Cave in Kentucky was determined.“ Generally speaking, any change 
from one rock type to another, and any change in the composition of 
any given type of rock, may be detected under favorable circumstances 
by the resistivity method, particularly if the deposits occur close to the 
surface; especially, by a method that reacts to very small differences of 
conductivity, the Racom or potential-drop-ratio method.™ 

Next to the electrical method, magnetic methods of prospecting will 
be the second choice in exploration for road stone in most cases, because 
rocks that are preferable from the standpoint of road materials are usually 
magnetic. Igneous rocks are generally preferred to sedimentary rocks. 
In regard to toughness, the order is about as follows: basic plutonic and 
volcanic rocks, rhyolites and quartz porphyries, gabbros, granites and 
syenites. As to abrasive resistance, the order is: diabase and basalt, 
diorite and basic plutonic rocks, then acidic rocks. As is evident from 
the order of basic as compared with acidic rocks in respect to practically 
all three characteristics, the basic rocks are preferable. Field experience 
and laboratory tests of susceptibilities of igneous rocks have shown, 
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furthermore, that basic igneous rocks are generally more magnetic than 
the acidic, because of the greater abundance of magnetite. Therefore, 
magnetic methods seem to be well suited for reconnaissance prospecting 
_ for road material and have also often been applied for detail work. 
_ Schroeder and Reich» investigated a basalt quarry and found that the 
i. desired and unaltered portions of the material corresponded to positive 
- magnetic anomalies while shattered zones and clay seams appeared to 
produce negative anomalies. Kelly“® reports that Mason, Slichter and 
Gauld recently used the magnetic method extensively in prospecting for 
trap rock and for determining the thickness of the dike and the thickness 
of cover. Ahrens”2) conducted magnetic surveys in the volcanic area of 

the Eiffel in Germany, partly for the quarry industry there. 

The literature on magnetic results above igneous rocks is much more 
extensive than these few references to measurements made for the specific 
purpose of locating road materials would seem to indicate. Brief refer- 
ence may be made to some of the more important publications. Haaleck® 
has given a summary of most of the magnetic surveys that have been 
made on igneous rocks; G. Meyer, on basalts in the Kaiserstuhl area, 
H. G. Wolff on serpentine and basalt in the Zobten Mountains, Brunhes 
and David on basalts of the Puys de Dome, E. Schaper on the basaltic 
Ottilien Mountain in Thuringia, Nippoldt and Schering on basalts of 

‘ - the Vogelsberg in Hessen, Goellnitz on basalts in the Lausitz, Krahmann 
on basalts in the Habichtswald, Keraenen on basic extrusives in northern 
: Finland, Ljungdahl on the same types of rocks in southern Sweden. 
as Other measurements on basalt and other basic igneous rocks, not men- 
tioned by Haalck, include those made in Italy by Folgeraiter and Palazzo, 
by Broderick on gabbros in Duluth, by Locke, Hotchkiss, Aldrich, Stearns 
j and Smyth in the Lake Superior region,“* by Kegel® on the Lahn Dill 
district diabases, by Roessiger and Puzicha”® on diabase dikes in the 
Harz mountains, by Gilchrist” on quart diabase at the Abana mine, 
by Schulze on basic tertiary dikes in the Elbe-Sandstone area, by 
i Meyer”) who determined the location of brown iron ore in pockets of 
: basalt, by Stoecke,® who surveyed the serpentine of the Frankenstein 
in Silesia, by Wilson®” on the basaltic Valmont dike, by Hallimond®” 
on the Swinnerton dike (also surveyed with the torsion balance), and 
by Levings,“* who surveyed the basaltic Ralston dike near Golden, 
Colo. The citation of all this literature is made in order to acquaint the 
operator not only with the possibilities but also with the limitations of 
magnetic work on basic rocks as well. For the distribution of tbe 
magnetic anomalies is in many cases not only controlled by the presence 
or absence of the igneous material and its degree of weathering, but also 
by the distribution of magnetite streaks, as the carefully correlated 
magnetic and petrographic investigations of Roessiger and Puzicha have 
shown,”® and by abnormal magnetization, such as is produced by 


Scent in the quarry ae seid follow up aid 
resistivity work. shai 
The extensive magnetic work that has been done in pros 


of basic igneous rocks, only a small frnttibn of hich wild ‘esi pu 
j for instance, the work of Wilson on basalt dikes in Mexico,®® and 
data obtained by Rieber®® and Lynton®® on basalt and exBbie dike 5 

” in California. 1 pene 
2 Thus far, only the magnetic work on basic igneous iodks has been — 
a discussed. The literature available on magnetic effects of acidic igneous 
| rocks is much scarcer, probably because their effects are not nearly so ‘ 
noticeable as those of basic igneous rocks. Haalck”® mentions the 
following studies of granitic rocks: by Paulsen in Bornholm, by Wolff in oe 

the Zobten area, by Goellnitz in Saxony, and by Nippoldt in the Harz — “s 
mountains, the Odenwald and the Spessart. Recently, Buehler“® 

directed considerable magnetic work in Missouri, by which porphyritie ae 

bedrock was traced. 

Much information has been accumulated in magnetic oil piespeeae ¥ 
in connection with the magnetic effects of granite ridges, only a small _ 
fraction of which has, however, been published. As examples, the 
magnetic surveys of the Amarillo granite ridge®®) and of the Nocona 
field in Oklahoma®” may be mentioned. 

As third choice of geophysical methods for the location of road mate- 
rials, the seismic method was mentioned above. If the magnetic method 
is used for reconnaissance, the seismic method would occupy second 
place for detail work. It seems to have great possibilities for the location 
of road materials, not only in determining the depth of cover but also 
the composition, alteration, and general nature of the material. Con- 
trary to the magnetic method, it is well adapted to both igneous and 
sedimentary rocks. Comparatively little systematic work has been done _ 
along this line, but what has been done seems to indicate that the method 
has good possibilities. Leet and Ewing have conducted” a number of 
careful studies of the velocities of propagation of seismic waves in nephe- 
line-syenite, granite, limestones and norite, and have correlated the 
dynamic constants of these rocks, determined by wave-speed observa- 
tions, with static determinations of their elastic properties in the labora- 
tory. This work, done by Harvard University, promises to yield 
important data in relation to the mechanical properties of building 
and road materials and the possibility of their determination. The 
experience actually obtained in regard to speed of propagation of seismic 
waves in various igneous and sedimentary rocks has been much greater 
because the refraction method has been used extensively in prospecting 
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fo oil. Practically nothing has been published regarding data so 
obtained on igneous rocks; only Rieber®® gives an example of the location 
of basalt plug by seismic methods and later conformation by the drill. 
__ Information that may be useful in this connection, on the location of 
i hard oad and building material by seismic methods, may also be obtained 
A from the literature dealing with the application of the seismic method in 
- coal mining and placer mining. As this has been, or will be discussed, it 
will not be necessary to elaborate upon it at this time. 

As a matter of completeness it may be mentioned that torsion balance 
observations®” have been applied in studies of dikes of igneous rocks, but 
this method is too slow and costly in comparison with magnetic, electrical 
and seismic work in prospecting for road or building stone, so that it is not 
recommended for this purpose. 


era 


Geophysics in Civil Engineering 


The application of geophysical methods in various phases of civil 
engineering, such as the planning and construction of highways, rail- 
roads, bridges, tunnels and dams, with their concomitant excavation, 
filling and material problems, is closely related to the problem of location 
_ of road and building material. A brief reference to this work will be 

sufficient because a number of comprehensive studies are readily avail- 
able in the literature.°?-” . 
ae As stated on page 560, geological surveys and highway departments of 
various states in the Union and in Canada are beginning to, avail them- 
selves of geophysical methods, the resistivity and potential-drop-ratio 
methods in particular, in highway, railroad, tunnel and dam foundation 
work. The Bureau of Reclamation has just completed its resistivity 
studies at a dam site on the Columbia River at Grand Coulee, and has 
been working on various other projects in the West with which the writer 
has been in indirect contact. A number of private enterprises, such as 
power and railroad companies, have applied geophysics to their civil 
- engineering problems in the past years; for instance, the New England 
- Power Association, the Electric Railway Company of British Columbia, 
the Metropolitan Water District of Southern California, the James 
MacLaren Company, and others. 

There is hardly much doubt about the order of choice of methods in 
this work. First, the resistivity and potential-drop-ratio methods; 
second, the seismic method, and last, either the magnetic or the torsion 
balance method. The last two named cannot compare in practicability 
with the electrical and seismic methods; the magnetic on account of 
uncertainty of interpretation, the torsion balance on account of slowness 
and difficulty with topography. 

Most of the outstanding examples of the possibilities of electrical 
prospecting in foundation work are contained in the publications referred 
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made is probably greater than the number of studies published. 

The application of the electrical resistivity methods resi 3 upo 
fact that in most foundation problems the covering materials, such E 
glacial till, clay, sands and gravels, have generally a lower resistivity th 
the harder bedrock below, which, in most cases thus far investi : 
consisted of igneous or metamorphic rocks, limestones, quartzites, or 
materials of similar properties suitable for foundation work. _ ‘ a 

Likewise, the cover and bedrock materials usually show a marked _ 
contrast of elastic-wave speed which makes the application of seismic — } 
refraction methods suitable for this purpose. Edge and Laby® report 
about such depth determinations of slate and granite under alluvium, _ 
Ambronn®’ on studies of gneiss under alluvium; the prospectus of the 
Geophysical Company, Ltd.® shows the results obtained by seismic 
methods in locating a river channel in limestone, as correlated: with 
torsion balance results. 

As a last choice, the torsion balance is applicable to the location of — 
gravel channels in more dense rock, for which there are a number of 
examples in the geophysical literature. The writer has published the 
results obtained by a torsion balance traverse on a gravel channel in the 
Rhine valley,“ McLintock and Phemister“°Y on a survey made with 
the torsion balance on the buried Kelvin Valley near Drumry, and Wein- __ 
zierl has discussed” the difficulties encountered in oil prospecting with a 
the torsion balance by such hidden river channels. . 

Under favorable circumstances, the magnetic method may be used for 
reconnaissance in the location of channels, if the bedrock is more magnetic 
than the channel material (Figs. 4 and 5), or if the channel, owing to | 
magnetite concentrations, is accompanied by magnetic anomalies of such , 
regular distributions that it may be readily traced. 
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LocaTION oF GROUND WATER 


The possibility of applying geophysical methods to the location of 
ground water follows logically from their use in civil engineering work, 
which rests primarily on the effect of pore water on the electrical resistiv- 
ity of rocks, and suggests that electrical resistivity or potential-drop- 
ratio methods would be the first choice for such work. As a second. 
choice, the seismic methods may be applicable in limited cases.” 

The location of ground water by geophysical methods is still in its 
infancy. In the present state of development, the electrical prospecting 
for ground water can hardly be called a direct method; for the water does 
not occur underground as an independent medium, as a pyrite lens may 
occur in the mother rock, but it occurs in the pore spaces in various types of 
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rocks, the resistivity of which then is determined by the relative pore 
: volume, and the electrical conductivity of the liquid. These factors have 
been discussed in detail by Sundberg.‘ Therefore, depending on the 
, i salinity of the water, water-bearing formations may act electrically very 
differently in different areas. At the present time, electrical search for 
water, with a few exceptions, is classed as a structural problem rather 
than as one of a direct location. The complexity of the situation, and the 
possibility of various electrical and other methods, is well illustrated in 
Koenigsberger’s recent article on geophysical location of water. (108) 
The first published account of the possibilities of the location of 
-water-bearing formations was given by Hotchkiss, Rooney and Fisher. ‘0 
Edge and Laby® made a number of water studies in Australia and found 
that saline waters could be fairly well located, but that the indications 
obtained from fresh waters were indefinite. Loehnberg and Stern‘? 
investigated the water problem in the Karst area and obtained rather 
significant curves, which appeared to indicate that a drop in apparent 
resistivity coincided generally with the water-bearing cavities. The 
problem then was taken up on a larger scale by C. M. Tattam,“°® who 
obtained, in most instances, curves that showed the opposite trend from 
those observed by Stern; namely, curves corresponding to the three- 
layer case in the theory of apparent resistivity on horizontal beds. 
~ Gimilar curves have also been obtained“ in a number of other areas, 
and with all due regard to the variations possible by the changing geologic 
conditions from one area to another, it cannot be denied that this type of 
curve has been observed more frequently than others, corresponding to 
the fact that certain general conditions are responsible for the occurrence 
of ground water more frequently than others. For determining the 
depth to water-bearing strata, the potential-drop-ratio method seems to 
give more definite reactions than the resistivity method, for which an 
example has been given by Lundberg and Zuschlag.“ Kelly‘ reports 
that electrical methods have been recently applied by the Schlumberger 
company in Tunis for the purpose of outlining an artesian water supply. 
This study probably has been conducted as a structural problem. 
Another example of the possibilities of structural geophysical studies in 
: the indirect location of ground water has been described by Buehler.“ 
“In Missouri, the trend of the porphyritic basement could be followed by 
magnetic methods under a cover of dolomite sediments from 200 to 300 ft. 
thick, and it was found that these sediments, owing to more intense 
fracturing, carried more water on the flanks of the porphyry highs. 
Greater water content of formations increases generally their elastic- 
wave speed, and one case has become known?) where it has been possible 
to determine the depth of the ground water by seismic refraction work. 
The possibilities of seismic work in structural search for ground water 
have not been exhausted. It appears probable that the reflection method 


aatter ‘Sable put the results ane mt been published. 
continuous waves and interference methods may have te 
determine shallow depth by acoustic or seismic reflections. 
In this connection a few words may be said about the u 
physical methods for the investigation of mineral springs. Radioa 
methods have found an extensive application in the testing of the activ 
of spring waters for medicinal purposes. Ambronn ‘anid atari h 
compiled the references on this subject. Deine 


ABRASIVES 


Diatomaceous earth, tripoli, pumice, quartz, sand and sandstone, — 
grindstones, millstones, oil and rotten stones, garnet, emery, and corun- as a 
dum are generally classed under abrasives, in addition to the artificial — 
materials, which are not under discussion here. So far, the writer soak 
of no geophysical work that has been done for the location of such | 
materials. The statements made before about road and _ building 
materials apply to sand, sandstone and millstone material, and the elec- 
trical method would probably be best in such cases. The same would 
hold for work on deposits of diatomaceous earth. 

MarTERIALs OF VARIOUS INDUSTRIAL UsES , 

Fuller’s Earth.—So far as the writer knows, no geophysical work has — 
been done on such deposits. What has been said before about the elec- sz 
trical effect of clay materials should apply. 

Fluorspar.—It is reported that a good deal of research work has Se 
done in order to determine the applicability of geophysical methods to 
the location of fluorspar deposits, and M. K. Hubbert has done some 
field work with resistivity methods on the deposits near Rosiclare, Ill. 
(See p. 40, this volume.) Although fluorspar is often associated with \ 
small amounts of galena, probably this will not affect the conductivity — Mi: 
appreciably. However, as fluorspar is frequently found on fissure and 7 
fracture zones, indirect structural prospecting for these zones may apply. __ 
If these fracture zones are filled with mineral waters, various electrical ss 
methods will be found suitable to trace them. : 

Tale and Soapstone.—The Elbof electromagnetic method was applied 
on the graphite and taleum deposits near Aflenz, Austria,“ and it was 
found that the tale reacted as a poor conductor, the contrast being 
enhanced by adjacent graphite deposits. Therefore, it appears that the 
more quantitative methods for detecting differences in conductivity— _ 
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‘i Monacite Sands.—Nothing has been published about application of 


geophysics to the location of monacite, and neither is it known whether 
is or not radioactive methods would, on account of the thorium in these 
sands, help to locate concentrations. However, geophysics would be 
applicable in an indirect way to locate the course of the channels, by using 
; the method discussed before under the heading of civil engineer- 
-___ ing applications. 

————-s Serpentine.—The most pronounced physical property of serpentine in 
regard to adaptability to geophysical work is its fairly high magnetic 
susceptibility. A number of magnetic surveys for the location of ser- 
pentine have been discussed before.“1%°12" However, the magnetic 
__ susceptibility of serpentine is subject to a great deal of local variation, so 


ssocihoultay suitable for the pertiae of Seite dikes, S tedaas the: 
raphy is suitable. Work of this type is reported to hay been do 
the writer has been unable to find anything concerning su ! 
ments in the literature. Nothing seems to have been publishe 
ing the electrical conductivity of barite; it should bea sre conc 


strated by Hedstrom!» and by Kelly“2” (Fig. 6). On the ates ia i 
barite occurs together with conductive minerals such as pyrite, it may be 
located indirectly by any electrical method, as done by Mueller.“® 

Graphite.—Graphite often is an unwelcome conductor, which 
made interpretation of electrical measurements difficult in a good man} 
surveys. A number of writers have commented upon this fact. If it a 
occurs in commercial deposits, the logical method to apply is the electrical _ 
method. The measurements of the Elbof“!» on the graphite deposits — 
near Aflenz, Austria, have already been discussed. At Port Lincoln, — pe 
South Australia, Edge and Laby“® have investigated a graphite deposit in — 
pre-Cambrian rocks. The equipotential line method was found not to 
give any definite reactions; however, when the potential-drop-ratio 
method was applied, the boundaries of the deposit could be recognized, ~ 
both in the phase and the potential anomalies. Eve and Keys‘) — 
have demonstrated the effect of graphitic slate upon the resistivity data, 
which would suggest that the resistivity method should be suitable for 
location of graphite deposits. Slichter“!” calls attention to the fact that 
graphite also produces strong self-potentials, which usually are observed 
in the form of positive reactions. 

Magnesite, Feldspar, Asbestos, Mica.—Nothing has been published 
regarding experience obtained with geophysical methods on these mineral | 
deposits. Their mode of geologic occurrence would suggest that any 
application of geophysical methods (probably magnetic or electrical) _ 
would have to be of an indirect nature. 

Bauxite, Beryl, Chromite.—These minerals are classed together because 
sometimes they have been classified as nonmetallic minerals. The 
more common usage today, however, is to class them as metallic minerals. 
Some information regarding the use of geophysics is available on bauxite 
and chromite. 

Bauxite usually is derived from basic igneous rock, therefore all 
methods applicable to the location of igneous rocks may be used as a 
means of indirectly locating such deposits. In central Arkansas, bauxite 
is found as a product of weathering of nepheline-syenite plugs, which 
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1ave been surveyed by Stearn‘ with the magnetic method. Leet“! 
that seismic work has been done on them. 

the great present commercial importance of beryllium, it 
would be a good fortune if some geophysical method could be used to 
lc ate ryllium deposits. Nothing has been published regarding it, and 
3 he chances are not great on account of the small quantities involved. 
_ However, indirect methods may be devised for certain areas, for indirect 
structural applications. Recently, a penetrating gamma radiation for 
beryllium‘ has been discovered; whether this will make possible the 
x direct radioactive location of the mineral appears to be doubtful. 

_____ Geophysical location of chromite has actually been attempted. Lund- 
- berg“!28) states that it is a very poor conductor, but that it has been 
possible to locate it near the surface in Sotu, Rumania, by elec- 
trical measurements. 


Precious STONES 


Under this heading, usually diamonds, emerald, opal, pearl, ruby and 
sapphire are classed as precious stones and agate, beryl, coral, garnet, 
x jade and others as semiprecious. The direct location of gems by geo- 
E physical methods appears to be out of the question. To what extent an 
indirect location of the formation in which they occur would be useful 
depends on each case. 

Bs Information regarding indirect geophysical prospecting for gems is 
available only for diamonds. In Pike County, Arkansas, diamonds are 
found in peridotite plugs. Stearn?” has carried out magnetic measure- 
ments in this area and shown that it is possible to locate these plugs 
fairly accurately under 3000 ft. of cover. Whether a similar method 
would be applicable in South Africa for the location of blueground appears 
to be very doubtful, according to Reich,” on account of the small 
susceptibility of this type of rock. 
A small portion of diamond production is obtained from sands and 
gravels in stream and beach deposits, and, if it is at all a question of 
locating or tracing the extension of such gravel channels, the methods 
discussed before under the heading of civil engineering uses of geophysics 


should be applicable. 


CONCLUSION 


' 


In the foregoing summary, not all minerals of the nonmetallic field 
have been covered, but a good many of minor commercial or minor 
geophysical importance have been left out. After all, it must be realized 
' that the main factor that determines the necessity for the application of a 
geophysical method is the demand for new deposits; a great many miner- 
; als and deposits are present, either at any given locality or in any given 
country, in such abundance or in such extent that a geophysical survey 
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would not be necessary, not even at the smallest cost, no matter how 

favorable the geological or physical conditions may be. 
On the other hand, where mineral deposits are concerned for which __ 

there is a demand and on which geophysical measurements have been | 

made, the chances are that much more commercial work has been done | 

than is published in the literature, or has become known indirectly. 

In order to make this summary of value to the practical operator engaged 

in any branch of the nonmetallic industry, the writer will welcome any 

discussion or criticism intended to make the material more complete. 
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DISCUSSION 
(Sherwin F. Kelly presiding) 


ay 


W. M. Weicst,* St. Louis, Mo.—A statement was made as to the higher resis- _ 
tivity of gravel. Suppose the gravel beds are water-saturated? 


8. F. Keuiy,+ New York, N. Y.—They were water-saturated. 


* Mineral Technologist, Missouri Pacific R. R. Co. 
} Geologist and Geophysicist, Combined Geophysical Methods, Inc. 


ante 
th . higher resistance of the water in hos 


e water is usually purer than the water contained. 
als, with finer pore spaces and, consequently, it has a higher 
a water, as you know, has a ‘(Sue high resistance. That 
part of the explanation. 


ay habe 

Madison, Wis.—I woulde say that whether or not the 
have a er resistance than the underlying bedrock depends pretty much 
ut eee th EE the bedrock i is coag, the gravels would no doubt be higher; ; i 


red. - 


EGOLYER, t noe York, N. Y.—The Grande Eeaille field was found by the 
method and afterwards proved to be a salt dome by drilling, and was detailed 
she gravity method. 

ue ~ One other point that I would like to make is that in all geophysics, as far as I know 
anything about it, the physicist or the field observer determines certain physical data. 
ren en of pion data is the geologic problem of finding what particular 


I do not think there has been any type of geophysics more definite and exact than 
the refraction surveys by which salt domes were found in the Gulf Coastal Plain of 
the United States. Yet the solution there is simply a solution that fits that country. 
In 1 the normal country rock, the rate of speed transmission is something like 6000 to 
_ per second. The rate of transmission through the rock salt is something 
) to 18,000 ft. per second. Therefore, when a lead or a shortening of the 
- time was recorded, anyone could tell that the solution was unique, that a rock-salt 
- mass was there. On the other hand, if you wandered far afield with that same set of 
- conditions and tried to apply the same solution, you would be lost. It would not be a 

difficult thing to go into New York, Pennsylvania, or any one of a number of other 
places and under certain conditions get 6000-ft. speeds and under other conditions 
Bect 16,000 to 18,000-ft. speeds. These differences would be the same as in the salt- 
dome region “as the solution would be quite different. 


a“ * Junior Geologist, Wisconsin Highway Commission. 
} Petroleum Geologist. 
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(Note: In this index the names of authors of papers and discussions and of men referred to are 
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Africa: French equatorial, electrical exploration, 
123 


Algiers, electrical exploration for bedrock in 


harbor, 128 
American Institute of Mining and Metallurgical 
Engineers: officers and directors, 7 
Committees: Geophysical Methods, per- 
sonnel, 7 
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Barite: geophysical prospecting, 570 
Bauxite: geophysical prospecting, 570 
Brazil: auriferous veins, magnetic measurements, 
313 
gold production, Rio Grande do Sul, 313 
magnetic observations in SAo0 Jeronymo coal 
mine, 323 


Cc 


Calumet and Hecla mine: geothermal measure- 
ments, diamond-drill holes, 528 

Canada: Ontario, electrical survey: for gold at 
Shillington, 70 

lignite deposits, Moose River Basin, 76 

Caspian Sea, near Bibi Hibat, electrical explora- 
tion, 126 

Cement materials: geophysical prospecting, possi- 
bilities, 557 

Chromite: geophysical prospecting, 570 

Civil engineering: geophysical prospecting, uses, 
565 

Clay deposits: geophysical prospecting, 558 

Coal mines: magnetic observations in Sao 
Jeronymo mine, Brazil, 323 

Coal seams: geophysical prospecting, 549 

location by electrical measurements, 285 
Compass, sun-dial. See Magnetic Surveying. 
Copper mines: geothermal measurements, Calu- 
' met and Hecla, diamond-drill holes, 

528 


Corrosion: pipe lines, location and study by sur- 


face electrical measurements, 60 
CrEAGMILE, W. B.: Discussion on Earth-resistiv- 
ity Surveying in Illinois, 31 
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Dx Buck, H. O.: An Accurate Simplified Mag- 
netometer Field Method, 326 


Dp GotyeEr, E.: Discussions: on Earth-resistivity 
Surveying in Illinois, 32, 33 
on Electrical Exploration of Water- 
covered Areas, 134 
on Geophysics in the Nonmetallic Field, 
577 
on A Magnetic Gradiometer, 388 
on Seismic Refraction Methods as Applied 
to Shallow Overburdens, 492 
Diamonds: geophysical prospecting, indirect, 571 
Dip needle. See Magnetic Surveying. 
DoBeEar, S. H.: Discussion on Location of Faults 
by the Earth-resistivity Method, 48 
Drill holes: crooked, electromagnetic survey, 268 
electrical measurements, 273 
temperature: determination with thermom- 
eter, 528 
electrical determination, 265 
Drilling, core. See Electrical Surveying. 
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Earth resistivity. See Electrical Surveying. 
Electrical surveying: anisotropic media, 159 
anticline: anisotropic, resistivity measure- 
ments across, 175 
buried, survey for, 23 
coal seams, locating through drill holes, 285 
combined with seismic for determination of 
bedrock and overburden where con- 
tours are bedded planes, 492 
coring to obtain bottom-hole data, 237 
coring, measurements, 273 
corrosion of pipe lines: location and study, 60 
soil corrosiveness, autogalvanic corro- 
sion, electrolytic corrosion, 60 
depth to bedrock, 24, 31, 33, 38 
Tagg method, of interpretation, 24, 31, 
33, 185 
drill-hole temperature determination, 265 
drill-hole measurements, 273 
earth-resistivity: interpretation of measure- 
ments, 135, 183 
earth-resistivity measurements: interpreta- 
tion of three-layer curves, 148, 218 
interpretation of four-layer curves, 218 
interpretation, curve matching vs. 
empirical rules, 201, 233 
three-layer curves, interpretation, 148 
earth-resistivity survey: fault location, 
Hardin County, Illinois, 40 
fluorspar area in Illinois, 9 
gravel deposits of glacial drift, Illinois, 9 
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Electrical surveying: earth-resistivity survey: 
lead and zinc area in Illinois, 9 
oil structures in Illinois, 9 
i water supply and gravel deposits in 
Illinois, 9 
effect of small inhomogeneities near surface, 30 
electrofiltration, 274, 288 
Gish and Rooney method applied in Illinois, 
9, 34 
gold prospecting: features amenable, 62 
Racom surveys, 66 
gold-quartz veins, discovering with Ground 
Comparator, 75 
highway problems, 
limitations, 49 
horizontal exploration, 32, 122 
Illinois, earth-resistivity survey on fluorspar, 
oil, lead and zinc, water supply and 
gravel deposits, 9 
interpretation of earth-resistivity data, 24, 
34, 185, 145, 183 
curve matching vs. empirical rules, 201, 
233 
measurements in anisotropic media, 159 
readings over faults and anticlines, 32 
lignite deposits, Megger Ground Tester sur- 
vey, 76 
location of septic tank, 38 
Megger Ground Tester. See Megger. 
metal sheet in tank of water, resistivity, 14, 
29, 35, 37, 38 
placer and water-supply problems, 121 
resistivitimeter, 266 
resistivity. See earth resistivity (above). 
syncline, anisotropic, resistivity measure- 
ments across, 175 
Tagg’s method of interpretation, 24, 135, 145, 
183 
vertical exploration, 32, 122 
water-covered areas, 122 
water-flow location in oil wells, 267 
water-supply and placer problems, 121 
Wenner method applied in Illinois, 9 
Electromagnetic teleclinometer: Schlumberger, 269 
survey of crooked holes, 268 
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Faults: electrical location, Hardin County, 
Illinois, 40 
Fisumpr, J.: Discussions: on Interpretation of 


Resistivity Measurements, 147 
on A Magnetic Gradiometer, 388 
on Some Interpretations of Earth-resistiv- 
ity Data, 197, 198 
on Use of Magnetic Data in Michigan 
Iron Ranges, 312 
Fisuer, J., INaprsout, L. R. AND Vivian, H.: 
Recent Geothermal Measurements in the 
Michigan Copper District, 528 
Fluorspar: earth-resistivity survey in Illinois, 9 
geophysical prospecting, 568 
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Geophysical prospecting (See also Electrical, 
Magnetic, Seismic, Geothermal): 
barite, 570 


Geophysical prospecting: bauxite, 570 
bedded planes, combined electrical and 
seismic methods for determining bed- 
rock and overburden, 492 
building and road stone, 562 - 
cement materials, 557 
coal deposits, 285, 549 
chromite, 570 
in civil engineering, 565 
clay deposits, 558 
data apply only to region in which obtained, 
577 
fluorspar, 9, 568 
functions of geophysicist and geologist, 33 
graphite, 570 
gravel deposits, 558, 577 
ground water location, 566 
interpretation of data must relate to geology 
of region, 577 
mining fields, 5 
nitrates, 556 
nonmetallic field, 546 
nonmetallic minerals, bibliography, 572 
oil fields. See Oil. 
phosphates, 556 
potash, 556 
salt deposits, 554 
sand, 558 
serpentine, 569 
status in 1934, 5 
sulfur deposits, 554 
tale and soapstone, 568 
Georgia: electrical surveying for gold-quartz 
veins, 75 
Geothermal measurements: interpretation, theo- 
retical, 534 
Michigan copper district: Calumet and Hecla 
mine, diamond-drill holes, 528 
radioactivity of rocks, 542 
rock temperature in new or unventilated 
(dead end) workings, 528, 538 
snow blanket effect, 537, 545 
surface temperature effects, 537 
thermometers, mercury in glass, 529 
Giucurist, L.: Discussions: on Application of 
Resistivity Methods to Northern Ontario 
Lignite, 120 
on Interpretation of Resistivity Measure- 
ments, 232 
on Recent Geothermal Measurements in 
the Michigan Copper District, 545 
Gish-Rooney geophysical apparatus, fault loca- 
tion, Hardin County, Illinois, 40 
Gold: electrical surveying for, 62, 75 
Gold mining: Brazil, extent, 313 
Gold-quartz veins: electrical surveying for, 75 
magnetic measurements in Brazil, 313 
Gradiometer. See Magnetic Surveying. 
Graphite: geophysical prospecting, 570 
Gravel deposits: geophysical prospecting, 9, 558, 577 
Gravity surveying: technique of observation, 
analogy with magnetic method, 388 
Ground Comparator, electrical discovery of gold- 
quartz veins, 75 
Ground water: location by geophysical prospect- 
ing, 566 
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© geophysical prospecting: See Electrical 
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(Abstract), 75 
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Water-covered Areas, 134 
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pecting, brief outline, 80 

Lronarpon, E. G.: Discussions: on Application 
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. Magnetic surveying: auriferous veins in Brazil, 
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Discussion on Geophysics in the N onmetallic , 
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Magnetic surveying: coal mine, Brazil, 323 
compensated magnetometer system (Heiland 
and Pugh), 334 
De Beck simplified field method, 326 
dip needle, 292 
gradiometer: construction, 373, 386, 388 
favorable features, 388 
field use, 379 
test surveys, 384 
instruments: effect of magnetic latitude, 348 
effect of temperature, 334 
Heiland system: arrangement and use of 
apparatus, 354 
test of temperature coefficients, 363 
temperature compensation: principles, 
334 
theory in Heiland system, 340 
vertical intensity balances, his- 
torical review, 337 
those used, 292 
interpretation of data, 302 
iron ranges, Michigan, 290 
new compensated magnetometer 
(Heiland), 334 
sun-dial compass, 292 
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Superdip, simplified field method, 326 
technique of observation, analogy with 
gravitational method, 388 
MauampnHy, M. C.: Magnetic Measurements on 
Auriferous Veins in Brazil, 313 
Maps: Shillington area, Ontario, 70 
State of Rio Grande do Sul, Brazil, regional 
geology, 315 
Megger Ground Tester: arrangement and field 
technique, 11, 26 
earth-resistivity survey in Illinois, 9 
lignite deposits, survey, 76 
location of faults in Hardin County, Illinois, 
40 
location of septic tank, 38 
Michigan: electrical surveying, upper Peninsula, 
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geothermal measurements, Calumet and 
Hecla mine, 528 
iron ranges, magnetic surveying, 290 
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